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potential timing
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Chapter 1
Information processing along sensorimotor pathways requires integration of bottom-up 
sensory input from the periphery with the top-down computations of the brain. From a 
sensory processing perspective, adaptive (plausibly neuromodulatory) control of spike timing 
is of particular interest as rapid propagation of information via ascending sensory pathways 
requires stimulus-coupled spiking that is correlated across neurons. Here we review the role 
of dopamine in controlling neuronal excitability and propose that dopaminergic modulation of 
voltage-gated sodium channels might be an efficient, yet unexplored/unidentified, mechanism 
for top-down control of spike timing during bottom-up propagation of sensory information. 
Mechanistic understanding of the contextual control over sensory representations will help to 
determine how neural representations of the world are shaped by behavioral and perceptual 
priors.      
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Dopamine is central to many neural processes including the modulation of the reward system, 
motor control, pleasure and higher cognitive functions 1–4. Dysfunctions in the dopaminergic 
pathways are associated with aggression and violence 5, schizophrenia 6,7, Parkinson’s Disease 
(PD) 8,9, addiction 10–13, anxiety disorders 14 and Attention Deficit Hyperactivity Disorder 
(ADHD)  7,15.
 There are two classes of dopamine receptors that includes five subtypes: D1-like receptors 
are composed of the subfamily of D1 and D5 receptors (D1R, D5R), and the D2-like receptors 
that include the D2R, D3R and D4R 16,17. Dopamine receptors are also found as D1-D2 
heteromers 18, and as heteromers with various other G-protein coupled receptors (GPCR)19,20. 
Furthermore, dopamine can bind to Trace Amine Associated Receptor 1 (TAAR1) which 
modulates presynaptic dopaminergic transmission 21,22. Considering that dopaminergic 
neurons might release dopamine extra-synaptically (including  somato-dendritically 23,24) 
and might release neurotransmitters other than dopamine, such as glutamate, serotonin, 
endocannabinoids, neurotensin and cholecystokinin 25,26, it is not surprising that dopamine 
contributes to numerous behaviorally relevant computations throughout the brain, including 
state dependent changes in neuronal communication 27,28.  
 State-dependent computations are critical for an animal to adapt its behavior to the 
ever-changing environment and to create appropriate motor actions. Although the role of 
dopamine in controlling motor behavior is well documented (see e.g. 29,30), dopaminergic 
modulation of sensory processing is yet to be mechanistically understood 31–33. Here we 
provide a critical review of the literature on the dopaminergic regulation of neural activity, 
experience-dependent plasticity and network activity, focusing on sensorimotor circuits. We 
argue that one key, albeit not yet explored, mechanism with which dopamine could shape 
sensory representations of the world is the modulation of voltage-gated sodium channels 
to control action potential timing. Understanding the mechanisms of top/down regulation 
of sensory representations might help to differentiate the mechanisms of perceptual and 
experience-dependent plasticity in the sensory systems 34, while providing a mechanistic 
insight into how adaptive sensorimotor computations emerge in a context dependent manner.
      
Dopaminergic control of neuronal communication
In the rodent brain, dopaminergic projections mature postnatally, targeting virtually the entire 
brain, including ascending and descending sensorimotor circuits 31. Depending on the receptor 
localization, the neuronal classes they are expressed in, and the dopaminergic receptors types 
that are (in)activated, dopamine release may result in excitation or inhibition. For example, 
in the medial prefrontal cortex (mPFC), dopamine release inhibits glutamatergic signaling 
35; in the entorhinal cortex, phasic dopamine release after reward leads to the suppression 
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of excitatory synaptic responses via the D2-like receptors 36. Although dopamine readily 
suppresses action potential backpropagation, if D2 receptors are inactivated simultaneously, 
the dendritic T-type calcium channels can be recruited, resulting in increased dendritic 
excitability and calcium inflow during dopaminergic transmission 37.
 Dopamine contributes to sensory information processing. In the olfactory bulb, dopamine 
reduces spontaneous excitatory synaptic events by reducing evoked presynaptic calcium 
currents, suggesting that dopamine inhibits neurotransmission via presynaptic mechanisms 
in the mitral/tufted cells 38. In the striatum, D1 neurons respond to ipsilateral somatosensory 
stimulation with earlier latency and higher firing rates than D2 neurons, which argues that D1 
and D2 may have complementary functions for sensory stimulus processing 39; D1 neurons 
might act as a comparator for the sensory information on the ipsilateral and contralateral 
whiskers 33, while D2 neurons seem to act as integrators 39. Interestingly, midbrain 
dopaminergic neurons regulate their spike rate based on the sensory features of the expected 
rewarded stimulus 32. Given that these neurons send projections to the extragranular layers 
of the somatosensory cortex 31, where cross-columnar topographic sensory integration takes 
place 40,41, dopamine might also shape the topographical (map) representations of the sensory 
organs, contributing to integration of sensory information across whiskers 42 already in the 
primary somatosensory cortex.  
 One of the best studied functional roles for dopamine is its contribution to motor 
control (see e.g. 43–45 for recent reviews). D2R activation modulates firing rates both in 
Parkinsonian and non-Parkinsonian rats, possibly through the activation of the GABAergic 
transmission 46. In the rodent brain stem, suppression of dopaminergic signaling results in 
the inhibition of oscillatory input in the pedunculopontine nucleus originating from the basal 
ganglia. This inhibition could help to explain the role of dopamine in the development of 
motor phenotypes in PD 47. In PD patients, levodopa application enhances the long range, 
cross hemispheric temporal correlations in local field potentials, improving neuronal 
communication in the basal ganglia 48. The dopaminergic depletion in the nigrostriatal 
neurons increases coherence in the motor cortex, but decreases the local field potential power 
in the medial prefrontal cortex and subthalamic nucleus (STN), which might help regulate 
the communication between motor and cognitive networks 49. Taken together, dopamine 
can control neuronal excitability and communication across sensory, motor, cognitive and 
executive networks in the brain, and altered dopaminergic transmission is relevant to the 
development of various neuropathological phenotypes.
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Intracellular mechanisms for dopaminergic modulation of neuronal excitability
As a neuromodulatory neurotransmitter dopamine’s action is not the direct regulation of the 
membrane potential. It depends on the functional state of neurons 4. Dopamine receptors 
are associated with guanosine triphosphate-binding proteins (G-proteins) and mediate their 
effects in the postsynaptic neurons by controlling surface receptors via (de)phosphorylation, 
or by modulating downstream enzymatic cascades and transcription factors (Figure 1).
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Figure 1. Major intracellular signaling cascades modulated by dopamine. DA receptors are coupled to G-proteins, 
differentially controlling the (de)phosphorylation of ion channels. D1R activation starts a signaling cascade with the 
activation of AC through Gs. AC increases cAMP concentration and activates PKA, which phosphorylates PPP1R1B. 
PPP1R1B is an integrator of synaptic input, indirectly increasing Na+ channels phosphorylation via dephosphorylation 
of PP-1. PKA directly regulates the phosphorylation of voltage-dependent Na+ and Ca2+ channels. D1R activation 
also inhibits K+ channels through Gq. D2R activation inhibits AC through Gi, thus reducing intracellular levels 
of cAMP. Activation of PP2A and βArrII indirectly modulates the phosphorylation of glutamatergic AMPA and 
NMDA receptors, via dephosphorylation of GSK-3 and CamKII. PLC activation, through Gq, contributes to the 
phosphorylation of K+ channels and balances the intracellular Ca2+, through IP3, CaM and calcineurin. The last 
dephosphorylates PPP1R1B, indirectly contributing to the dephosphorylation of Na+ channels. PLC interacts with 
DAG in the membrane, activating PKC, modulating Na+ channels, and increasing intracellular Ca2+. The latter leads 
to the activation of MAPK and the transcription factor C-Fos. Abbreviations: Neurotransmitter: DA: dopamine; Ions: 
K+: potassium; Ca2+: calcium; Na+: sodium; Ion channels: GIRK: G-protein coupled inwardly rectifying potassium 
channel; VGCC: voltage-gated calcium channel; NaV: voltage-gated sodium channel; Ligand gated channels: 
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D1R: D1-like receptor; D2R: D2-like receptor; AMPAr: α-amino-3-hydroxy-5-methyl-4- isoxazolepropionic acid 
receptor; NMDAr: N-methyl-D-aspartate receptor; G-protein receptor subunits: Gq: subunit q; Gs: subunit alpha 
s; Gi: subunit alpha i; Biochemical regulators (enzymes and intracellular proteins): AC: adenylyl cyclase; cAMP: 
cyclic adenosine monophosphate; PKA: protein kinase A; PPP1R1B: protein phosphatase 1 regulatory subunit 
1B; CREB: cAMP response element-binding protein; PP-1: protein phosphatase 1; PLC: phospholipase C; DAG: 
diacylglycerol; IP3: inositol triphosphate; PKC: protein kinase C; MAPK: mitogen-activated protein kinase; PP2A: 
protein phosphatase 2; βArrII: β arrestin II; GSK-3: glycogen synthase kinase 3; CaM: calmodulin; CaMKII: Ca2+/
calmodulin-dependent protein kinase II.
 Dopamine controls ion channel dynamics via (de)phosphorylation. Dopaminergic 
activation of the D1R increases cAMP concentration leading to PKA activation (see 
Figure 1). Because PKA is an enzyme that phosphorylates a large variety of downstream 
protein targets, it mediates both short- and long-term dynamics of the cellular responses 
to neuromodulation. For example, PKA is bound to sodium channels via 15 kDa 
cAMP-dependent protein kinase-anchoring protein (AKAP-15) 50,51 and phosphorylates 
voltage-gated Na+ (NaV) channels in four sites 52–54. The D1R activation reduces the Na+ peak 
transient without changing its kinetics or voltage-dependence in neocortical neurons 52. This 
dopamine-mediated “gain modulation” of sodium conductance is conserved throughout 
evolution, as it is also found in amphibians 55. D1 receptor activation can modulate ionic 
flow across the membrane also via phosphorylation of the protein phosphatase 1 regulatory 
subunit 1B (PPP1R1B, also known as DARPP-32, dopamine and cAMP regulated neuronal 
phosphoprotein) 56. PPP1R1B acts as an integrator of synaptic input in dopamine neurons 57. 
Glutamate induces dephosphorylation of PPP1R1B and this mechanism of phosphorylation/
dephosphorylation of PPP1R1B dynamically and powerfully modulates NaV channels 58. 
The control over the spike after-hyperpolarization suggests that dopamine might modulate 
potassium conductance in postsynaptic neurons (Figure 1): while D1-like receptors mediate 
the membrane depolarization (through a G protein-coupled K+ channel or inwardly rectifying 
K+ channel), the D2-like receptors activation increase the action potential discharge, possibly 
involving slowly inactivating K+ channels (e.g. Kv.1)63.
 Dopaminergic regulation of spiking is cell-type specific. In striatal low-threshold 
interneurons, dopamine increases spike frequency by membrane depolarization upon D1R 
activation 64. Dopamine might regulate GABAergic currents in medium spiny neurons (MSNs), 
as dopamine depletion generates burst spiking of GABAergic interneurons 65. In the STN, 
dopaminergic regulation of the inhibitory currents is modulated by T-type calcium currents, 
which depolarize the membrane potential to the spike threshold, increasing burst firing 66. 
Dopaminergic neurons in the midbrain have a slow irregular firing pattern that is generated by 
a slow depolarization current and by a calcium-activated potassium after-hyperpolarization 
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current (IK(Ca)), the former enabling the membrane potential to reach the spike threshold 
67. The slow depolarization is voltage-dependent and TTX-sensitive, suggesting that early 
dopaminergic action is mediated through NaV; the spike after-hyperpolarization depends on 
high-threshold dendritic calcium spikes 68. 
 Dopamine controls neuronal excitability through the regulation of action potential 
generation (see above) as well as through membrane hyperpolarization through inhibition 
of hyperpolarization-activated, cyclic nucleotide-modulated (HCN) channels. HCN channels 
are potent regulators of excitability in various cell types in the heart and the brain, including 
the somatosensory neurons 69. In olfactory receptor neurons, dopamine suppresses the slowly 
activated current Ih through D2R, leading to more hyperpolarized potentials and reduced peak 
currents, while cAMP activation through D1R depolarizes the Ih 
70,71. Dopamine enhances 
Ih in cortical interneurons in layer 1, involving a cooperative interaction between D1-like 
and D2-like receptors that also requires GPCR signaling through the G-protein beta-gamma 
complex 72,73. Interestingly, D3R-mediated suppression of high frequency spiking does 
not involve GPCR signaling. Instead, D3R regulate the neuronal excitability via calcium 
voltage-dependent channels (Cav3) in the axonal initial segment 74.
 The empirical observations covered thus far argue that dopaminergic action on the 
membrane excitability is mediated through two membrane bound enzymes: AC and PLC. 
They are differentially recruited by the D1-like and D2-like receptors (Figure 1), regulating 
the calcium release from the intracellular calcium stores.
 Considering the complex dopaminergic action on the postsynaptic excitability, 
computational modelling might help to reduce the dimensionality and shed light onto the 
critical biochemical events that lead to neuronal modulation by dopamine. Accordingly, a 
recent biophysical model of dopaminergic circuits argued that the key mechanism that is 
responsible for the dopamine-mediated reduction in excitability, is the inhibition of calcium 
activated potassium channels (SK), which subsequently results in a reduction of the number of 
open Na+ channels 75 because of their greater inactivation. Combined with the phosphorylation 
of NaV channels by dopamine 76 (see Figure 1), these mechanisms could potently control 
cell excitability and postsynaptic evoked responses. In support of these findings, recordings 
from the neocortical layer 5 excitatory neurons already showed that dopamine attenuates 
evoked excitatory postsynaptic potentials (EPSP) as the area and the duration of the EPSP 
are reduced upon D1R activation through reduction of persistent Na+ currents (INAP) 
77. With 
multiple NaV subunits, e.g. NaV1.1, NaV1.2 or NaV1.6 α, that might give rise to both INAP and 
fast Na+ currents as a response to dopamine, further research will be required to identify the 
receptor basis of dopaminergic regulation of the sodium currents.   
 In summary, although dopamine acts through GPCRs, and dopaminergic receptor 
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activation does not result in a direct ionic exchange across the membrane, dopamine potently 
modulates sodium, potassium and calcium conductances in the postsynaptic neurons, gating 
action potential generation. Because this sustained change in ion channel conductance is a 
key step in the regulation of synaptic efficacy, dopaminergic control of neuronal excitability 
might also contribute to bidirectional changes in synaptic plasticity.       
A modulatory close-loop between dopaminergic and sensorimotor circuits
Dopaminergic regulation of neuronal, including sensorimotor, excitability (see Section 1) 
and experience-dependent regulation of dopamine signaling in the somatosensory cortex 
(see Chapter 4) both argue that there is a modulatory close-loop between dopaminergic 
transmission and sensory processing. Considering the monosynaptic projections originating 
from somatosensory- and motor-cortical neurons, and targeting VTA and SNc 78, this 
close-loop might have a short latency.  Dopamine release from VTA and SNc, in return, could 
influence with the neural activity throughout the brain (Figure 3), including sensorimotor 
circuits in brainstem, thalamus and cortex 31, completing the close-loop.
 A common property of close-loop neuronal circuits is that the activity along the circuit 
could be regulated by both ascending (bottom-up) and descending (top-down) projections. 
Although there is ample empirical evidence in support of descending dopaminergic control of 
sensorimotor circuits, contribution of the sensorimotor projections to dopaminergic neurons’ 
spiking is yet to be systematically studied. Just to give a few examples: high frequency VTA 
stimulation in vivo leads to prolonged calcium transients in the secondary motor cortex (in 
the prefrontal cortex) while low frequency stimulation induces brief (tonic) transients 79. 
Increased dopamine availability decreases the excitability of pyramidal tract neurons in the 
primary motor cortex, where both D1 and D2 receptors expressed 80. Electrical stimulations 
in the ventral midbrain dopaminergic neurons leads to short-latency phasic activations in the 
auditory cortex through D1R-mediated activation 81. D2R activation via quinpirole reduces 
stimulus (tone) evoked spiking, and subsequently auditory sensory gating of aversive events 
82. In the olfactory (piriform) cortex of rats, dopamine suppresses excitatory responses after 
reward via D2R36. In the somatosensory cortex, the blockade of D1 and D2R increases 
sensory evoked potential amplitudes by 107.5% and 82.1%, respectively 83. Dopaminergic 
modulation of sensorimotor neuronal activity is not limited to the central nervous system. 
In the periphery, e.g. adult sensory neurons, dopamine regulates calcium channels in a 
voltage-(in)dependent manner 84.  
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Figure 2. Regulatory close-loops between dopaminergic and key sensorimotor nuclei. Symbols in circles depict 
the physiological role of dopaminergic signaling in controlling neuronal excitability. Experimental evidence on the 
simplified anatomical circuit includes PFC (prefrontal cortex): D1R, but not D2R, activation reduces AP-evoked 
calcium influx in the dendrites 85, decreases the spike threshold and first interspike interval in the soma 86. GP (globus 
pallidus): Dopamine in GP decreases firing rate in the STN and SN87 which might be mediated through the increased 
excitability of inhibitory neurons after D2R stimulation 46; VB (ventrobasal thalamus): Selective D1R and D2R 
activation results in membrane depolarization and increased firing rates 63; SN (substantia nigra): DA in SN increases 
the firing rate of GP neurons. D2R activation decreases firing via increasing spike threshold in the SN and in the 
VTA (ventral tegmental area) 88–90; STN (subthalamic nucleus): D1R, but not D2R, agonist reduces spontaneous 
firing while either one increases frequency of bursting 91; M1 (Primary motor cortex): Both D1R and D2R activation 
results in inhibition of pyramidal tract neurons in the motor cortex 80.
The broad extent of dopaminergic projections indicates a spatial and temporal significance 
for the dopamine signaling. In the hypothalamus, reward increases dopamine release in 
the entorhinal cortex phasically, following a D2R-mediated suppression of excitatory 
postsynaptic responses 36. In the auditory cortex, dopamine is necessary for controlling 
the frequency of responses to rhythmic sensory inputs 92.  In the basal ganglia, dopamine 
increases long range temporal correlations across motor nuclei interfering with the motor 
communication processing 48. Dopaminergic loss in the basal ganglia increases the inhibitory 
oscillatory communication between basal ganglia and PPN (pedunculopontine nucleus)47, 
and increases synchronization between the SN and the motor cortex during ongoing motor 
activity 93, showing  the relevance of dopamine signaling in bottom-up and top-down 
temporal and spatial coherence for the brain signaling. Therefore, higher cortical areas seem 
to modulate motor and sensory circuits throughout the dopaminergic tuning of respectively, 
the nigrostriatal and the basal-ganglia-thalamocortical network activity.
VB
S1
GP
D1 D2
SN
D1 D2
D1 D2
membrane 
hyperpolarization/
depolarization
spike threshold
hyperpolarization/
depolarization 
lower/higher
firing rate
=  no change
?  unknown
=
STN
M1
glutamate
GABA
dopamine
VTA
??
PFC
D1 D2
D1 D2
D1 D2
? ?? ? ??
D1 D2
D1D2
??? ?? ????
???
???
?? ??=
?
?
? ?
2322 
Chapter 1
Conclusions
Sensory neurons represent the world that surrounds us by varying the rate and timing of 
their action potentials. Because information from the sensory periphery propagates through 
feed-forward excitatory projections, and is shaped by inhibitory circuit motives, previous 
research in sensory cortices focused on the roles of glutamatergic and GABAergic signaling 
in shaping neural representations.  
 Sensory neurons, however, integrate information from the sensory periphery with 
the information (e.g. expectations, memories, emotional states) generated internally, 
elsewhere in the brain. These top-down projections are mediated through neuromodulatory 
neurotransmitters which alter postsynaptic signaling through slower G-protein signaling. 
Here, we reviewed the experimental evidence which argues that one of the cardinal 
neuromodulatory neurotransmitters, dopamine, could potently and rapidly regulate action 
potential timing (also see Chapter 5).  Given that sensory experience regulates dopaminergic 
signaling in the primary somatosensory cortex (see Chapter 4) and sensorimotor circuits 
form a close-loop network with dopaminergic circuits (see Section 3), top-down regulation 
of action potential timing through dopaminergic modulation might mechanistically help to 
describe how internal neural representations of the external sensory world are shaped by 
behavioral and perceptual priors.  Therefore, in thesis I addressed the top-down regulation 
of sensory neuronal excitability using mouse somatosensory (barrel) cortex as a model.  The 
main conclusions are:
• Dopamine suppresses neuronal excitability.
• D1 and D2 receptor mediated control of excitability is mediated through voltage-gated 
sodium channels and manifested through modulation of the action potential threshold.
• D1 mediated control of excitability is cell-type specific.  Upon D1 receptor activation 
excitatory neuron firing rate is decreased while inhibitory neuronal firing rate is increased.
• Sensory deprivation alters transcription of genes in the dopaminergic signaling pathway 
in a cortical layer specific manner suggesting that there is a functional close-loop between 
the dopaminergic signaling and sensory experience.    
• Corticosterone controls evoked calcium transients in vitro and sensory representations 
in vivo, which suggests that top-down modulation of sensory neuron excitability is not 
specific to dopamine
12322 
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Neurons in the supragranular layers of the somatosensory cortex integrate sensory (bottom-up) 
and cognitive/perceptual (top-down) information as they orchestrate communication across 
cortical columns. It has been inferred, based on intracellular recordings from juvenile 
animals, that supragranular neurons are electrically mature by the fourth postnatal week. 
However, the dynamics of the neuronal integration in the adulthood is largely unknown. 
Electrophysiological characterization of the active properties of these neurons throughout 
adulthood will help to address the biophysical and computational principles of the neuronal 
integration.  Here we provide a database of whole-cell intracellular recordings from 315 
neurons located in the supragranular layers (L2/3) of the primary somatosensory cortex in 
adult mice (9-45 weeks old) from both sexes (females, N=195; males, N=120).  Data include 
361 somatic current-clamp (CC) and 476 voltage-clamp (VC) experiments, recorded using 
a step-and-hold protocol (CC, N=257; VC, N=46), frozen noise injections (CC, N=104) and 
triangular voltage sweeps (VC, 10 (N=132), 50 (N=146) and 100 ms (N=152)), from regular 
spiking (N=169) and fast-spiking neurons (N=66).  The data can be used to systematically 
study the properties of somatic integration, and the principles of action potential generation 
across sexes and across electrically characterized neuronal classes in adulthood (see the 
Chapter 3). Understanding the principles of the somatic transformation of postsynaptic 
potentials into action potentials will shed light onto the computational principles of 
intracellular information transfer in single neurons and information processing in neuronal 
networks, helping to recreate neuronal functions in artificial systems.  
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Data description
The primary somatosensory cortex (S1) encodes time-varying but spatially well-defined 
haptic information 1 from the mechanoreceptors in the skin, thereby creating a topographical 
neuronal representation of the tactile world 2,3. Rodents, for example, locate tactile targets in 
their immediate environment by integrating information across these (whisker) representations 
in the barrel cortex 4, where neurons in each cortical column preferably respond to a single 
whisker on the contralateral snout 5. The supragranular layers (cortical layers 2/3, L2/3) 
of the barrel cortex is the first cortical network that integrates the sensory information 
across neighboring cortical columns, whiskers and whisk cycles 6–10.  This representation 
of the whisker contacts undergoes experience-dependent changes 11–14 and is altered in 
animal models of neurodevelopmental disorders 15–17. Adaptive changes in the synaptic and 
modulatory drive could powerfully regulate the transformation of postsynaptic responses 
into action potentials, ultimately controlling how sensory information is transferred between 
cortical columns and cortical regions 18.  
 Understanding the principles of neuronal information transfer in the supragranular layers 
will require a systematic analysis of the integrative properties of these cortical neurons. Thus 
far, however, slice experiments primarily focused on juvenile animals as it is widely considered 
that the neurons mature anatomically and electrophysiologically by the fourth postnatal week 
16,19–23. Here we provide a database of 837 experiments collected from 315 adult supragranular 
neurons that will help to address the principles of information processing by cortical neurons 
throughout the adulthood of mice. The database consists of whole-cell intracellular recordings 
in voltage-clamp (VC) and current-clamp (CC) configurations: while current-clamp somatic 
measurements bring insight into the properties related to action potential initiation, timing, 
rate, and pattern, voltage-clamp recordings provide information on the voltage-gated 
ion-channel dynamics. The database is best utilized to address the principles of information 
transfer in individual neurons (see e.g. 18,24) and for the electrical characterization of adult 
cortical sensory neurons. It will serve synaptic, systems, computational and theoretical 
neuroscientist in search of the principles of information processing, transfer, and recovery in 
neuronal networks.  The database is expected to create synergy with 1) the recently completed 
transcriptome 25,26 and proteome 27,28 of the supragranular layers of the barrel cortex, 2) 
computational models of the molecular changes that contribute to the maturation of synaptic 
communication in the same cortical region (e.g. 29), 3) computational models of synaptic 
integration and action potential generation in the supragranular layers of the barrel cortex 18, 
and 4) the high-resolution mapping of sensory representations using intrinsic signals in single 
trial resolution (e.g. 30) resulting in a multi-scale analysis of the cortical organization, from 
molecules of chemical communication to network representations.    
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Methods 
Experiments that involve animals were conducted in accordance with the European Directive 
2010/63/EU, national regulations in the Netherlands, and international guidelines on animal 
care and use of animals. Pvalbtm1(cre)Arbr (RRID:MGI:5315557) or Ssttm2.1(cre)Zjh/J 
mice (RRID:IMSR_JAX:013044) from either sex (N=75 females, N=45 males, aged 9-54 
weeks) were used from the local breeding colonies.  
 The mice were anesthetized with Isoflurane (1.5 ml/mouse) before the tissue was 
extracted and coronal slices of the primary somatosensory cortex, barrel subfield region is 
prepared (Figure 1). The procedures were as described before 11,12,14,16,31 with the exception 
that animals were intracardially perfused with ice-cold dissection solution containing (in 
mM) 108 choline chloride, 3 KCl, 26 NaHCO3, 1.25 NaH2PO4.H2O, 25 Glucose.H2O, 1 
CaCl2.2H2O, 6 MgSO4.7H2O, 3 sodium pyruvate, after animals were deeply anesthetized, 
as assessed by pinch withdrawal reflex, heart and breathing rate. The brain was removed 
after decapitation and sliced coronally (300 micrometers in thickness) in the same ice-cold 
perfusion medium. The slices were then transferred to a chamber containing aCSF (in mM): 
120 NaCl, 3.5 KCl, 10 Glucose.H2O, 2.5 CaCl2.2H2O, 1.3 MgSO4.7H2O, 25 NaHCO3, 1.25 
NaH2PO4.H2O, aerated with 95% O2/ 5% CO2 at 37°C. After 30 minutes, the slices were 
transferred to room temperature before whole-cell electrophysiological recordings started. 
Whole-cell recordings
Slices were continuously oxygenated and perfused with aCSF during recordings. The barrel 
cortex was localized and cells of interest in the supragranular layers were patched under 40x 
magnification in room temperature using HEKA EPC 9 and EPC10 amplifiers in combination 
with the Patch Master v2x90.2 data acquisition software. Patch clamp electrodes were pulled 
from glass capillaries (1.00 mm (external diameter), 0.50 mm (internal diameter), 75 mm 
(length), GC100FS-7.5, Harvard Apparatus) with a P-2000 puller (Sutter Instrument, USA) 
and used if their initial resistance were between 5 and 10 MOhm. They were filled with 
intracellular solution containing (in mM) 130 K-Gluconate, 5 KCl, 1.5 MgCl2.6H2O, 0.4 
Na3GTP, 4 Na2ATP, 10 HEPES, 10 Na-phosphocreatine, 0.6 EGTA, and the pH was set at 
7.22 with KOH. Current-clamp and voltage-clamp recordings were performed as described 
before 32, 33 and included four stimulus protocols (Figure 2). 
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Figure 1. Acute slice preparation. (A) Coronal slices (300 micrometers in thickness) were prepared for ex vivo 
recording from the L2/3 neurons in the mouse primary somatosensory cortex, barrel cortex subregion. (B) A low 
magnification view of the slice in 4x. (C) A representative neuron, intracellularly filled with biocytin and visualized 
with DAB staining (VECTASTAIN Elite ABC Kit, RRID: AB_2336827) according to the manufacturer’s guidelines. 
(D) Distribution of the 326 neurons in this database across males (39.9%) and females (60.1%) as well as the ages 
of the animals. (E) Classification of the neurons presumed fast-spiking (FS) and regular spiking (RS) populations 
based on firing frequency and action potential half-width (see Methods for details). (F-G). The distribution of cells 
across cell type and ages. 
Current-clamp protocol
After establishing the current-clamp configuration, the resting membrane potential was set 
to -70 mV by direct somatic current injections, as required. The step-and-hold stimulation 
protocol included 10 steps of 500 ms long depolarization pulses (step size: 5, 10, 20, 40 or 
60 pA) with an inter-sweep-interval of 6.5 s. The stimulus train was repeated 1-3 times with 
a 20 s interval. The drift, if any, in resting membrane potential during the recording was not 
corrected for.  However, any neuron whose resting membrane potential varied more than 7 
mV was not included in the database. The frozen-noise (FN) stimulation protocol involved 
somatic injection of the current that is the output of an artificial neural network of 1000 
neurons, each firing Poisson spike trains in response to a ‘hidden state’ (see 34 for details, and 
35 on how to generate the frozen noise input and analyze the data). 
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Voltage-clamp protocol
The voltage-clamp stimulation protocols included step-and-hold and sawtooth (triangular) 
pulse injections (Figure 2). In both protocols, the membrane potential was clamped at -70 
mV prior to somatic depolarization.  In the step-and-hold protocols, 14 incremental steps of 
depolarizing pulses (10 mV/each) were delivered for a period of 250 ms with an interval of 
20 s.  Sawtooth pulses (range: -70 to 70 mV) were delivered at three frequencies (5, 10, 50 
Hz) and consisted of five triangular pulses with peak-to-peak (P2P) distances of 200, 100, 20 
ms, respectively.  Each trial was repeated twice with 20 s interval. 
5-60 pA
500 ms
-70 mV
70 mV
Database
Current-Clamp
Step-and-hold
(n=237)
 Frozen noise
(n=100)
500 ms
200 pA
10 steps of: 
Voltage-Clamp
Step-and-hold
(n=54)
Sawtooth
(n=461)
10 mV
250 ms
14 steps of: 70 mV
-70 mV
P2P = 10, 50 and 100 ms 
(n=142, 157 & 162)
Figure 2. Experimental protocols and the hierarchical organization of the database. The data is available 
online at https://goo.gl/khkbB4 (DOI comes here). The database contains two subfolders, current-clamp and 
voltage-clamp, each of which has additional subfolders based on the stimulus protocols utilized in this study. Each 
dataset is provided in a .mat format and includes both voltage and current channels unless otherwise described. The 
stimulus delivered to the cells as well as the cell’s response can be quantified from these variables.  
Data organization 
Files in “.mat” (MATLAB) format containing the original traces from each experiment are 
organized in folders separated by the structure described in Figure 2. Metadata including the 
date and number of the experiments, the  experimenter’s initials, the animal’s sex and age, 
the experimental protocol, the cell type, and the animal number are included in a tabulated 
format (.xlsx, Microsoft Excel; Supplemental Table 1). The experiments are named as the 
date_prefix_experiment number_protocol number. All cells recorded from the same animal 
share the same experimental date.  
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 The current clamp data (see “Current Clamp” folder) contains two subfolders,  “Step 
Protocol” and “Frozen Noise”. Step Protocol data includes two channels (voltage and 
current), each of which includes two columns (timestamp and voltage/current values in volt 
and amp, respectively) for each repetition.  Users can visualize both the current injected to 
clamp the soma and the observed voltage response. Data from each stimulus condition is 
saved under a separate variable which starts with “Trace_a_b_c_d” and includes information 
about a) the cell and experiment ID, b) the data type, c) the number of sweeps in each dataset, 
and d) the channels.
 The “Frozen Noise” subfolder contains the voltage trace (i.e. neuronal response to the 
injected frozen noise), hidden state (activity in the modeled network responds to, see 34 for 
details) and the injected current trace. In addition, a MATLAB “struct” variable named 
“settings” is provided. Settings provide metadata under following “fields”: condition, 
experimenter, baseline (membrane potential value (in mV) at which the cell is kept with the 
baseline current injection), amplidute_scalind (the scaling factor used to translate the output 
of the neural network, in pA value), tau (the time constant that defines the average switching 
speed of the hidden state), mean_firing_rate (of the artificial neurons), sampling_rate (the 
acquisition rate (in kHz)), duration (in ms), FLAG_convert_to_amphere (a binary value that 
is 1 if the output was converted into Ampere), and cell_type (regular spiking vs fast spiking). 
 The voltage clamp folder includes two subfolders: VC Step (voltage step-and-hold) 
and VC Sawtooth, the latter containing 3 subfolders with recordings from experiments with 
triangular sweeps at 3 frequencies (5, 10 or 50 Hz).  Data in the Voltage Clamp folder is 
organized similarly to data in the Current Clamp folder, and variable naming follows the 
formatting rules described above.  
Cell type classification
K-means clustering (cluster count=2; the number of repetitions=10) was performed to classify 
neurons into fast-spiking and regular spiking neurons, using current clamp step-and-hold 
recordings. The clustering was based on the maximum firing rate reached during the 
current step injections and on the mean spike half-width across all stimulus steps during 
the current-clamp, step-and-hold protocol.  Please note that the cell classification is solely 
provided to help the user to navigate the data.  We do not claim that neurons can be necessarily 
electrically classified in a binary fashion, nor do we claim that commonly utilized clustering 
approaches are optimal for accurate (albeit broad) classification of excitatory (mostly regular 
spiking) and inhibitory (predominantly fast-spiking) neurons. 
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Re-use potential
The dataset is rich in information regarding current versus voltage dynamics in adult cortical 
neurons. The independent variables in the database are the sex and age of the animal. While 
current-clamp experiments provide information about sub- and suprathreshold voltage 
dynamics, the voltage-clamp experiments are informative about the ionic conductances that 
lead to activation or inactivation of neurons.  
 In the step-and-hold current-clamp experiments, the voltage responses can be quantified 
using subthreshold (e.g. amplitude, latency, duration of the postsynaptic potential) and 
suprathreshold (e.g. interspike interval adaptation, spike count, spike half-width) responses to 
somatic current injection (Figure 3).  Because multiple stimuli with incrementally increasing 
current intensities are delivered, cellular responses can be mapped onto stimulation intensities, 
allowing users to study input/output curves for the parameters of interest.  
Action potentials can be studied both in terms of their shape (e.g. waveform, rise and decay 
slope, amplitude of the positive and negative peaks, the half-width of spike) and temporal 
response properties (that allow quantification of the rate and timing of action potentials during 
synaptic activation). Since adaptation to a sustained current injection is commonly used 
as a criterion to classify neurons, the data provides an inclusive database for the electrical 
classification of adult neurons, creating synergy with other publicly available databases, e.g. 
Neurodata Without Borders 36 and the Allen Institute Cell Type database 37.  The data can be 
used independently or in the context of computational models of neural networks, a broad 
selection of which can be found in the ModelDB database 38. In addition to sustained somatic 
depolarization, the current-clamp database also includes “frozen noise” injections, during 
which a time-varying current was injected into the recorded neuron (Figure 4). The injected 
current was generated using an artificial neural network (see 34 for details) of 1000 neurons, 
each one firing spike trains from an inhomogeneous Poisson process, responding to a binary 
hidden state which represents the presence or absence of an external stimulus. The activity of 
all the neurons in the artificial network is integrated and the resulting current is corrected for 
the baseline current required to keep the patched neuron at -70mV. This summed current is 
injected to the patched soma. A major utility of the frozen noise protocol is that it allows direct 
quantification of neuronal information transfer 10,34. Compared to other metrics of neuronal 
information transfer 18,39,40, this approach enables bias-free quantification of information with 
a short (3 or 6 min) stimulation protocol 34. 
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Figure 3. Electrical characterization of the spiking response in current-clamp experiments. The parameter space 
is shown as a hierarchical tree. Variables shown in blue are used for the data displays. AHP = afterhyperpolarization. 
“Compression” is a normalized metric that can be calculated as the difference between observations (e.g. spike 
timing) over the duration of stimulus. In the case of “latency compression” it is calculated as the temporal difference 
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between the first and last action potential divided by the stimulus duration. “Adaptation” is the relative change in 
the observed variable, normalized to the first event.  For example, in the case of spike amplitude adaptation, it is 
calculated as (APampfirst-APamplast) / APampfirst. All characteristics are measured relative to the stimulus amplitude 
(the current injected, in pA). Membrane potential traces on the top-right are the responses to incremental current 
injections, superimposed on top of each other. The data below the raw traces represents the number of action 
potentials and the amplitude of the injected current across the 10 step-and-hold stimuli in this experiment (Filename: 
170130_AL_133).  
 In the database, experimental data recorded from our frozen noise protocol include 
the recorded membrane potential voltage, the hidden state and the current injected into the 
neurons (Figure 4).  Thus, the user can perform forward and reverse modeling to predict the 
neuronal response and to study neuronal dynamics in the adult neocortex.
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Figure 4.  Frozen noise injection in current-clamp configuration.  Representative recording from a single neuron 
(experiment 171207_NC_146). Top row: Binary representation of the hidden state that forms the input to an artificial 
neural network with 1000 point neurons, firing action potentials following an inhomogeneous Poisson process (see 34 
for details). Middle row: the synaptic current generated by the artificial network that was injected into the recorded 
neuron. Bottom row: the membrane potential response of the recorded neuron.
 Going beyond the voltage dynamics in the adult neurons, the database also provides 
insight into the ionic currents that flow through the membrane. With the triangle shaped 
VC-Saw protocol (Figure 5), it is possible to measure the activation threshold of the currents 
flowing through the membrane, by assessing when  deviations from the expected sawtooth 
shape occur. Additionally, it is possible to compute: amplitudes and latencies of the events, 
23938 
A databank for intracellular electrophysiological mapping of the adult somatosensory cortex
peaks half-widths, the percentage difference between consecutive events and the total number 
of events in each sweep. Other features could also be extracted from the dataset depending on 
the researchers’ interests.
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Figure 5. Voltage-clamp sawtooth protocol. Top row: Current trace from a representative experiment (180412_
AB_53_ST). Figurines, left to right, are measurements of the first peak amplitude, first peak latency, the half width 
of the first inward current, membrane potential at which the inward current is initiated, and the adaptation of the first 
event amplitude across the 5 (triangle) cycles. Data in the bottom three rows are from three different sawtooth speeds 
(10/50/100 ms, corresponding to 100/20/10 Hz stimulation). The five points in each figurine are calculated from the 
first inward current in each (triangle) cycle. 
 The current-voltage relationship was measured with voltage-clamp steps (Figure 6), 
which could be used to produce an I/V curve. The peak amplitude, latency, and peak half 
width can be extracted for the inward currents observed during the sustained depolarization 
of the soma. 
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Figure 6. Step-and-hold protocol in voltage-clamp preparation. Top panel shows data from a representative 
experiment (170915_AB_5_VC). Every other figurine shows one of the analyzed features, including the amplitude 
of the peak, temporal delay between the stimulus onset and the peak amplitude (i.e. latency), width of the evoked 
transient measured at half maximum as well as the current at every holding potential (I/V curve).
Availability of Source Code and Requirements 
Project name: Rapid mutual information calculation using frozen noise injection  
Project home page: 35   
Operating system: Platform independent  
Programming language: MATLAB  
Other requirements: MATLAB version 2017a or higher.   
License: GNU GPL  
RRID: SCR_016558
Availability of supporting data 
Snapshots of the database and code, including further supporting data is available in the 
GigaScience repository.
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Application scenarios
From the recordings available in this database, it is possible to quantify active the membrane 
properties of supragranular layer neurons to infer current and voltage dynamics during 
somatic depolarization. 
 Network development is based on processes of self-organization that are highly 
dependent on sensory stimuli and experience 2. Such plasticity is not limited to early life 
development. From the voltage-clamp and current-clamp experiments, it is possible to infer 
the biophysical properties of layer 2/3 pyramidal neurons of the adult somatosensory cortex 
under baseline conditions, in the absence of altered sensory experience. 
 The focus on adult neurons brings a new perspective to the study of membrane properties, 
as data from these mature ages are still scarce. The dynamics of the active electrical properties 
of the membrane can be accessed as a function of different developmental time points and/or 
sex, and the recorded data can be used as virtual neurons in dynamic-clamp experiments. 
 In a computational approach, spiking properties described herein could be used for 
biomimetic modeling of diverse networks, facilitating the study of computational roles of 
circuit motives. Moreover, applying the principles of information transfer and recovery to the 
data might help recreate neuronal functions in artificial systems.
Limitations
Neurons in this dataset originate from regular spiking and fast spiking neurons, however, 
there is no anatomical characterization of the neuron type studied. The database is focused 
on Layer 2/3 of the somatosensory cortex as a model region and does not allow the study 
of neuronal information processing across different cortical regions in isolation.  However, 
the user might consider comparing data across different regions and species by utilizing the 
other publicly available databases, e.g. Neurodata Without Borders 36, the Cell Type database 
37 of the Allen Institute and the Collaborative Research in Computational Neuroscience data 
sharing initiative 41.  
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Supplemental Table 1: Metadata 
Date Experiment 
Number
Prefix Age (P) Sex Experiment Protocol Classification Animal 
number
170130 133 AL 226 F CC 40pA Excitatory 5
170202 9 NC 229 M CC 40pA Excitatory 8
170220 192 AL 84 F CC 40pA, ST Excitatory 11
170220 194 AL 84 F CC 20pA, ST Excitatory 11
170221 243 AB 85 F CC 40pA, ST Excitatory 12
170222 195 AL 86 F CC 20pA, ST Excitatory 13
170223 196 AB 87 F CC 40pA, ST Excitatory 14
170308 200 AL 253 F CC 40pA, ST Excitatory 16
170308 201 AL 253 F CC 40pA, ST Excitatory 16
170309 203 AL 254 F CC 40pA, ST Excitatory 17
170310 210 AL 255 M CC 40pA, ST Excitatory 18
170310 255 AB 255 M CC 20pA, ST Excitatory 18
170314 214 AL 275 F CC 20 pA, ST, VC Excitatory 19
170314 215 AL 275 F CC 20 pA, ST, VC Excitatory 19
170315 215 AL 276 F CC 40pA, ST, VC Excitatory 20
170315 216 AL 276 F CC 20pA, ST, VC Excitatory 20
170321 222 AL 282 F CC 40pA, ST Excitatory 24
170321 223 AL 282 F CC 40pA, ST, VC Excitatory 24
170323 227 AL 284 M CC 40pA, ST, VC Excitatory 26
170328 233 AL 316 M CC 40pA, ST, VC Excitatory 28
170328 234 AL 316 M CC 40pA, ST, VC Excitatory 28
170328 237 AL 316 M CC 40pA, ST, VC Excitatory 28
170328 238 AL 316 M CC 40pA, ST, VC Excitatory 28
170405 282 AB 324 M CC 20pA, ST, VC Excitatory 30
170420 246 AL 160 M CC 20pA, ST, VC Excitatory 34
170420 294 AB 160 M CC 20pA, ST Excitatory 34
170421 246 AL 305 M CC 40pA, ST, VC Excitatory 35
170424 247 AL 164 M CC 40pA, ST, VC Excitatory 36
170425 251 AL 165 F CC 20pA, ST Excitatory 37
170425 300 AB 165 F CC 20pA, ST Excitatory 37
170426 255 AL 166 F CC 40pA, ST, VC Excitatory 38
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Date Experiment 
Number
Prefix Age (P) Sex Experiment Protocol Classification Animal 
number
170502 258 AL 248 F CC 40pA, ST, VC Excitatory 39
170502 303 AB 248 F CC 40pA, ST Excitatory 39
170503 304 AB 249 F CC 20pA, ST Excitatory 40
170503 305 AB 249 F CC 20pA, ST, VC Excitatory 40
170508 258 AL 254 M CC 20pA, ST, VC Excitatory 41
170509 260 AL 179 M CC 20pA, ST, VC Excitatory 42
170509 310 AB 179 M CC 40pA, ST Excitatory 42
170510 312 AB 163 M CC 40pA, ST Excitatory 43
170510 314 AB 163 M CC 20pA, ST Excitatory 43
170511 317 AB 164 M CC 20pA, ST Excitatory 44
170516 322 AB 224 F CC 20pA, ST Excitatory 46
170516 324 AB 224 F CC 40pA, ST, VC Excitatory 46
170615 19 NC 218 M CC 40pA, FN Excitatory 60
170620 22 NC 213 M CC 40pA, FN Excitatory 62
170623 23 NC 110 M CC 40pA Excitatory 63
170626 28 NC 113 M CC 40pA Excitatory 64
170627 31 NC 71 F CC 40pA Excitatory 65
170628 32 NC 95 F CC 40pA, FN Excitatory 66
170628 33 NC 95 F CC 40pA, FN Excitatory 66
170630 34 NC 97 M CC 40pA Excitatory 67
170630 36 NC 97 M CC 40pA, FN Excitatory 67
170703 38 NC 100 M CC 40pA, FN Excitatory 68
170703 39 NC 100 M CC 40pA Excitatory 68
170703 41 NC 100 M CC 40pA, FN Excitatory 68
170703 42 NC 100 M CC 40pA Excitatory 68
170704 43 NC 101 F CC 40pA Excitatory 69
170705 46 NC 102 F CC 40pA Excitatory 70
170705 47 NC 102 F CC 40pA Excitatory 70
170710 48 NC 108 F CC 40pA Excitatory 71
170710 49 NC 108 F CC 40pA Excitatory 71
170711 51 NC 89 M CC 40pA, FN Excitatory 72
170711 52 NC 89 M CC 40pA, FN Excitatory 72
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Date Experiment 
Number
Prefix Age (P) Sex Experiment Protocol Classification Animal 
number
170711 53 NC 89 M CC 40pA Excitatory 72
170711 54 NC 89 M CC 40pA, FN Excitatory 72
170712 55 NC 84 F CC 40pA, FN Excitatory 73
170712 56 NC 84 F CC 40pA, FN Excitatory 73
170713 57 NC 227 F CC 40pA Excitatory 74
170713 58 NC 227 F CC 40pA, FN Excitatory 74
170713 59 NC 227 F CC 20pA, FN Excitatory 74
170714 60 NC 178 F CC 40pA Excitatory 75
170714 61 NC 178 F CC 40pA Excitatory 75
170714 62 NC 178 F CC 40pA Excitatory 75
170714 63 NC 178 F CC 40pA Excitatory 75
170714 64 NC 178 F CC 20pA, FN Excitatory 75
170717 66 NC 104 F CC 40pA Excitatory 76
170718 68 NC 105 F CC 40pA, FN Excitatory 77
170719 70 NC 169 F CC 40pA, FN Excitatory 78
170719 71 NC 169 F CC 40pA Excitatory 78
170720 72 NC 204 F CC 40pA, FN Excitatory 79
170720 73 NC 204 F CC 40pA Excitatory 79
170720 74 NC 204 F CC 40pA, FN Excitatory 79
170720 75 NC 204 F CC 40pA, FN Excitatory 79
170724 76 NC 103 F CC 20pA, FN Excitatory 80
170724 77 NC 103 F CC 40pA, FN Excitatory 80
170724 78 NC 103 F CC 40pA Excitatory 80
170724 79 NC 103 F CC 40pA, FN Excitatory 80
170725 80 NC 104 F CC 40pA Excitatory 81
170725 81 NC 104 F CC 20pA, FN Excitatory 81
170726 85 NC 229 F CC 40pA Excitatory 82
170728 89 NC 100 F CC 40pA, FN Excitatory 84
170728 91 NC 100 F CC 40pA, FN Excitatory 84
170801 92 NC 104 F CC 40pA Excitatory 85
170811 94 NC 114 M CC 40pA, FN Excitatory 86
170811 95 NC 114 M CC 40pA, FN Excitatory 86
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Date Experiment 
Number
Prefix Age (P) Sex Experiment Protocol Classification Animal 
number
170811 96 NC 114 M CC 20pA Excitatory 86
170811 97 NC 114 M CC 20pA, FN Excitatory 86
170811 98 NC 114 M CC 40pA, FN Excitatory 86
170814 99 NC 117 F CC 20pA Excitatory 87
170814 101 NC 117 F CC 40pA Excitatory 87
170814 102 NC 117 F CC 40pA Excitatory 87
170814 103 NC 117 F CC 40pA, FN Excitatory 87
170814 105 NC 117 F CC 40pA, FN Excitatory 87
170815 107 NC 118 F CC 40pA, FN Excitatory 88
170815 109 NC 118 F CC 40pA, FN Excitatory 88
170816 112 NC 79 F CC 40pA, FN Excitatory 89
170821 113 NC 84 F CC 40pA, FN Excitatory 90
170821 114 NC 84 F CC 40pA, FN Excitatory 90
170821 115 NC 84 F CC 40pA, FN Excitatory 90
170830 118 NC 285 F CC 40pA, FN Excitatory 91
170830 119 NC 285 F CC 40pA, FN Excitatory 91
170914 4 AB 309 F CC 20pA, ST, VC Excitatory 92
170926 7 AB 288 M CC 40pA, ST, VC Excitatory 94
171006 125 NC 143 F CC 40pA, FN Excitatory 95
171010 127 NC 335 M CC 40pA, FN Excitatory 96
171010 129 NC 335 M CC 40pA, FN Excitatory 96
171011 130 NC 372 M CC 40pA, FN Excitatory 97
171011 131 NC 372 M CC 40pA, FN Excitatory 97
171011 132 NC 372 M CC 40pA, FN Excitatory 97
171012 134 NC 373 M CC 40pA Excitatory 98
171012 135 NC 373 M CC 40pA, FN Excitatory 98
171012 136 NC 373 M CC 40pA Excitatory 98
171012 137 NC 373 M CC 40pA, FN Excitatory 98
171012 138 NC 373 M CC 40pA, FN Excitatory 98
171017 140 NC 154 F CC 40pA, FN Excitatory 98
171017 141 NC 154 F CC 40pA, FN Excitatory 98
171017 142 NC 154 F CC 40pA, FN Excitatory 98
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Prefix Age (P) Sex Experiment Protocol Classification Animal 
number
171220 156 NC 218 F CC 40pA, ST, FN Excitatory 103
171220 157 NC 218 F CC 40pA Excitatory 103
171220 158 NC 218 F CC 40pA, ST, FN Excitatory 103
171220 159 NC 218 F CC 40pA, ST, FN Excitatory 103
171222 160 NC 208 F CC 40pA, ST, FN Excitatory 104
171222 161 NC 208 F CC 40pA, ST, FN Excitatory 104
170623 24 NC 110 M CC 40pA Excitatory 63
170815 108 NC 118 F CC 20pA, FN Excitatory 88
171207 149 NC 384 F CC 40pA, ST, FN Excitatory 100
171207 148 NC 384 F CC 20pA, ST, FN Excitatory 100
170316 263 AB 273 F CC 20pA, ST, VC Inhibitory 21
170424 297 AB 164 M CC 20pA, ST Inhibitory 36
170515 319 AB 176 M CC 20pA, ST Inhibitory 45
161104 3 NC 192 M CC 40pA Inhibitory 1
161214 7 NC 210 M CC 40pA Inhibitory 4
161214 113 AL 210 M CC 40pA Inhibitory 4
170130 134 AL 226 F CC 40pA Inhibitory 5
170308 203 AL 253 F CC 40pA, ST Inhibitory 16
170309 252 AB 254 F CC 20pA, ST Inhibitory 17
170315 261 AB 276 F CC 40pA, ST, VC Inhibitory 20
170316 217 AL 273 F CC 40pA, ST, VC Inhibitory 21
170317 218 AL 274 F CC 40pA, ST Inhibitory 22
170328 235 AL 316 M CC 40pA, ST, VC Inhibitory 28
170410 288 AB 202 F CC 40pA, ST Inhibitory 31
170420 293 AB 160 M CC 20pA, ST, VC Inhibitory 34
170421 296 AB 305 M CC 20pA, ST Inhibitory 35
170426 301 AB 166 F CC 40pA, ST Inhibitory 38
170502 257 AL 248 F CC 40pA, ST Inhibitory 39
170508 308 AB 254 M CC 20pA, ST, VC Inhibitory 41
170518 18 NC 226 F CC 20pA Inhibitory 48
170616 20 NC 209 M CC 40pA, FN Inhibitory 61
170616 21 NC 209 M CC 40pA, FN Inhibitory 61
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Date Experiment 
Number
Prefix Age (P) Sex Experiment Protocol Classification Animal 
number
170623 25 NC 110 M CC 40pA, FN Inhibitory 63
170626 26 NC 113 M CC 40pA, FN Inhibitory 64
170626 27 NC 113 M CC 40pA, FN Inhibitory 64
170626 29 NC 113 M CC 40pA, FN Inhibitory 64
170627 30 NC 71 F CC 40pA, FN Inhibitory 65
170630 35 NC 97 M CC 40pA Inhibitory 67
170630 37 NC 97 M CC 40pA, FN Inhibitory 67
170703 40 NC 100 M CC 40pA Inhibitory 68
170704 44 NC 101 F CC 20pA, FN Inhibitory 69
170704 45 NC 101 F CC 40pA Inhibitory 69
170710 50 NC 108 F CC 40pA Inhibitory 71
170717 65 NC 104 F CC 40pA, FN Inhibitory 76
170718 67 NC 105 F CC 40pA, FN Inhibitory 77
170718 69 NC 105 F CC 40pA, FN Inhibitory 77
170725 82 NC 104 F CC 40pA, FN Inhibitory 81
170726 83 NC 229 F CC 40pA, FN Inhibitory 82
170726 86 NC 229 F CC 40pA, FN Inhibitory 82
170726 87 NC 229 F CC 40pA, FN Inhibitory 82
170727 88 NC 230 F CC 40pA, FN Inhibitory 83
170728 90 NC 100 F CC 40pA, FN Inhibitory 84
170801 93 NC 104 F CC 40pA, FN Inhibitory 85
170814 100 NC 117 F CC 40pA, FN Inhibitory 87
170814 104 NC 117 F CC 20pA, FN Inhibitory 87
170815 106 NC 118 F CC 40pA, FN Inhibitory 88
170830 116 NC 285 F CC 40pA, FN Inhibitory 91
170914 123 NC 309 F CC 40pA, FN Inhibitory 92
170918 6 AB 155 F CC 20pA, ST, VC Inhibitory 93
171006 124 NC 143 F CC 40pA, FN Inhibitory 95
171010 126 NC 335 M CC 40pA, FN Inhibitory 96
171010 128 NC 335 M CC 40pA, FN Inhibitory 96
171110 143 NC 356 M CC 40pA, ST, FN Inhibitory 99
171110 144 NC 356 M CC 40pA, ST, FN Inhibitory 99
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Number
Prefix Age (P) Sex Experiment Protocol Classification Animal 
number
171110 145 NC 356 M CC 40pA, ST, FN Inhibitory 99
171207 22 AB 384 F CC 40pA, ST, FN Inhibitory 100
171207 146 NC 384 F CC 40pA, ST, FN Inhibitory 100
171207 147 NC 384 F CC 40pA Inhibitory 100
171207 150 NC 384 F CC 40pA, ST, FN Inhibitory 100
171208 151 NC 385 F CC 40pA, ST Inhibitory 101
171208 152 NC 385 F CC 40pA, ST Inhibitory 101
171211 153 NC 197 F CC 40pA, ST, FN Inhibitory 102
171211 154 NC 197 F CC 40pA, ST, FN Inhibitory 102
171220 155 NC 218 F CC 20pA, ST, FN Inhibitory 103
180412 53 AB 212 F CC 40pA, ST, VC Inhibitory 105
170222 196 AL 86 F CC 10pA, ST Unknown 13
170224 197 AL 163 M CC 10pA, ST Unknown 15
170310 213 AL 255 M CC 5pA, ST Unknown 18
170315 260 AB 276 F CC 10pA, ST, VC Unknown 20
170322 227 AL 283 M CC 5pA, ST, VC Unknown 25
170323 229 AL 284 M CC 10pA, ST, VC Unknown 26
170324 232 AL 285 M CC 10pA, ST Unknown 27
170424 249 AL 164 M CC 5pA, ST, VC Unknown 36
170502 302 AB 248 F CC 10pA, ST Unknown 39
170509 309 AB 179 M CC 10pA, ST Unknown 42
170517 17 NC 225 F CC 10pA Unknown 47
170914 5 AB 309 F CC 10pA, ST, VC Unknown 92
170926 8 AB 288 M CC 60pA, ST, VC Unknown 94
171010 343 AB 335 M ST, VC Unknown 96
171017 139 NC 154 F CC 40pA, FN Unknown 98
171222 162 NC 208 F CC 40pA, ST, FN Unknown 104
170310 256 AB 255 M CC 10pA, ST Unknown 18
170315 259 AB 276 F ST, VC Unknown 20
170317 265 AB 274 F ST Unknown 22
170320 223 AL 281 F CC 5pA, ST Unknown 23
170405 284 AB 324 M CC 10pA, ST Unknown 30
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number
170410 287 AB 202 F ST Unknown 31
170726 84 NC 229 F CC 60pA Unknown 82
170816 110 NC 79 F CC 10pA, FN Unknown 89
170816 111 NC 79 F CC 20pA, FN Unknown 89
171207 23 AB 384 F ST Unknown 100
170131 216 AB 227 F ST Unknown 6
170131 218 AB 227 F ST Unknown 6
170201 220 AB 228 F ST Unknown 7
170201 221 AB 228 F ST Unknown 7
170201 222 AB 228 F ST Unknown 7
170208 231 AB 235 M ST Unknown 9
170208 232 AB 235 M ST Unknown 9
170209 237 AB 222 F ST Unknown 10
170220 240 AB 84 F ST, VC Unknown 11
170221 241 AB 85 F ST, VC Unknown 12
170308 250 AB 253 F ST Unknown 16
170314 258 AB 275 F CC 60pA, ST, VC Unknown 19
170323 268 AB 284 M ST Unknown 26
170328 276 AB 316 M ST Unknown 28
170328 277 AB 316 M ST Unknown 28
170329 279 AB 377 F ST Unknown 29
170329 280 AB 317 F ST Unknown 29
170405 285 AB 324 M VC Unknown 30
170410 289 AB 202 F ST, VC Unknown 31
170516 323 AB 224 F VC Unknown 46
170516 326 AB 224 F ST, VC Unknown 46
170518 332 AB 227 F ST Unknown 48
170519 329 AB 227 F ST Unknown 49
170519 330 AB 227 F ST Unknown 49
170519 333 AB 227 F ST Unknown 49
170522 334 AB 175 M ST Unknown 50
170522 335 AB 175 M ST Unknown 50
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170522 336 AB 175 M ST Unknown 50
170523 337 AB 176 M ST Unknown 51
170523 338 AB 176 M ST Unknown 51
170523 339 AB 176 M ST Unknown 51
170524 340 AB 169 F ST Unknown 52
170524 341 AB 169 F ST Unknown 52
170529 342 AB 195 F ST Unknown 53
170529 344 AB 195 F ST Unknown 53
170530 347 AB 206 F ST, VC Unknown 54
170530 348 AB 206 F ST Unknown 54
170531 349 AB 207 F ST Unknown 55
170531 350 AB 207 F ST Unknown 55
170531 351 AB 207 F ST Unknown 55
170608 360 AB 211 M ST Unknown 56
170609 361 AB 147 M ST Unknown 57
170612 362 AB 150 M ST Unknown 58
170612 363 AB 150 M ST Unknown 58
170612 364 AB 150 M ST Unknown 58
170612 365 AB 150 M ST Unknown 58
170613 366 AB 216 M ST Unknown 59
170615 367 AB 218 M ST Unknown 60
170615 369 AB 218 M ST Unknown 60
170615 370 AB 218 M ST Unknown 60
170626 373 AB 113 M ST Unknown 64
170626 374 AB 113 M ST Unknown 64
170627 376 AB 71 F ST Unknown 65
170627 378 AB 71 F ST Unknown 65
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Chapter 3
Electrical characterization of the 
supragranular layer neurons in the adult 
mouse barrel cortex
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Neurons have diverse molecular, anatomical and electrical characteristics throughout 
the brain. Functional classification of neurons will help to determine the building blocks 
of neuronal circuits, in particular in heterogenous circuits like the sensory cortices in the 
neocortex. Here, taking advantage of a recently introduced intracellular recording database 
(see Chapter 2), we perform a systematic classification of the cell-types in the supragranular 
layers of the barrel cortex. Unlike the prior efforts for electrical classification of the 
neuronal cell-types, we define the neuronal sub- and suprathreshold responses to varying, 
but bandwidth limited, somatic depolarization in a high dimensional space (N=139). We 
determine the minimum number of dimensions that are required to represent the data (N=15), 
reduce the dimensionality while maintaining cluster separation and finally electrically 
compare the cell-classes. The results show that the best predictor for cell classification is the 
adaptive change observed in the membrane potential during varying somatic depolarization. 
The neurons can be classified into 10 cell-classes using 5 dimensions. These results argue 
that systematic variations in neural responses upon varying somatic depolarization states is 
an understudied but an important dimension in cellular classification.      
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 The neurons in layer 2/3 the barrel cortex of rodents are involved in integrating information 
that originates from the sensory periphery with the information generated elsewhere in the 
brain 1–4. They carry spatial and temporal information about contacts with an object, tactile 
features of the object and the whisker position in parallel 5. Given their importance for the 
neural processing of sensory information, one of the major goals of systems neuroscience is 
to identify the building blocks of the somatosensory circuits.   
 Neurons are commonly classified according to their anatomical features, molecular 
fingerprints, as well as passive and active electrical properties 6–11. For example, inhibitory 
neurons in the supragranular (L2/3) of the juvenile primary somatosensory cortex can be 
anatomically divided into 8 distinct classes based on their shape, organization, and localization 
of the projections, while 5 sub-classes can be distinguished among the pyramidal neurons 
6,12,13. Given the considerable molecular and biochemical diversity of neurons 6,9,10,14,15, the 
combinatorial classification of neurons based on molecular fingerprints and anatomical 
features arguably results in the overestimation of the functional subclasses in the network. 
For example, neurogliaform neurons can be classified as a single subpopulation of inhibitory 
neurons when both their anatomical features and the expression of the 5-Hydroxytryptamine 
Receptor 3A receptors are considered. However, because these neurons also express Glutamate 
Decarboxylase 1 and Vasoactive Intestinal Peptide at varying rates, the neurogliaform neurons 
can be further sub-classified 10. The expression of the molecular markers is often subject to 
experience-dependent plasticity 1, therefore, cellular classification based solely on molecular 
markers might confound the clustering efforts. Considering that action potential rate and 
timing are the means of neuronal communication in synaptically coupled networks, active 
electrical properties of neurons could instead be used to determine the functional subclasses 
of neurons.
 Cellular classification based on active electrical properties of neurons necessarily 
requires redefining continuous voltage (or current) time-series into variables (also known 
as descriptors, features, dimensions), e.g. action potential threshold, amplitude, spike 
half-width. Although the selection of features is arbitrary, this approach, combined with 
various clustering methods, has been successfully used to electrically classify neurons before 
14,16–21.  
 In previous studies, the neural responses to sustained somatic activation (or inactivation) 
have been studied upon depolarization (or hyperpolarization) at a constant single stimulus 
intensity. However, given the prominent voltage-gated conductances the integrative properties 
of neurons are likely to vary depending on the amplitude of the sustained depolarization. 
1 The transcriptome and the proteome of the supragranular and granular layers of the barrel cortex in control 
conditions and after sensory deprivation are freely available at barrelomics.science.ru.nl
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Therefore, in this study, we electrically characterized the supragranular neurons in the 
primary somatosensory cortex using the database of 213 neurons described in Chapter 2. 
Current-clamp recordings across discrete steps of somatic depolarizations resulted in a 
varying number, rate, and pattern of action potentials in single neurons. Clustering performed 
after the identification of the features that describe supra- and subthreshold voltage dynamics 
within and across depolarization steps showed that adaptive changes in voltage dynamics are 
a powerful predictor of cell classes in the somatosensory cortex. Based on the classification 
performed in this dataset, we argue that the supragranular layers of the barrel cortex consist 
of 10 electrically distinguishable cell types.  
Materials and methods
Animal experiments were realized as approved by the European Directive 2010/63/EU, 
national regulations in the Netherlands, and international guidelines on animal care and use 
of animals. 
 The electrophysiological methods are described in detail in Chapter 2. In short, Pval-cre 
and SSt-cre mice (n = 120) between 9 and 54 weeks, 37.5% male were anesthetized with 
Isoflurane (10 ml/mouse) and the depth of the anesthesia was assessed by pinch withdrawal 
before perfusion in cooled solution containing (in mM): 10.8 choline chloride, 0.3 KCl, 
2.6 NaHCO3, 0.125 NaH2PO4.H2O, 2.5 Glucose.H2O, 0.1 CaCl2.2H2O, 0.6 MgSO4.7H2O, 
0.3 Na.pyruvate. After extraction,  the barrel cortex was sectioned coronally in (thickness: 
400 μm) and slices were transferred to a chamber containing ACSF (in mM): 120 NaCl, 
3.5 KCl, 10 Glucose.H2O, 2.5 CaCl2.2H2O, 1.3 MgSO4.7H2O, 25 NaHCO3, 1.25 NaH2PO4.
H2O, aerated with 95% O2/ 5% CO2 as described before 22,23. The slices were then kept in 
37oC for 30 minutes and subsequently another 30 minutes (minimum) in room temperature 
before the whole-cell recordings. During incubation and electrical recordings, the slices were 
continuously oxygenated and perfused with ACSF. The barrel cortex was located using the 
20x lens and the pyramidal cells were patched with a 40x lens.
 For the electrophysiological recordings, pipettes were pulled from borosilicate glass 
tubing with a P-2000 puller (Sutter Instrument, USA) and used if their initial resistance were 
between 5-9 MOhm. They were filled with (mM): 130 K-Gluconate, 5 KCl, 1.5 MgCl2.6H2O, 
0.4 Na3GTP, 4 Na2ATP, 10 HEPES, 10 Na-phosphocreatine, 0.6 EGTA, and the pH was 
set at 7.22 with KOH. We used conventional current and voltage clamp  24,25 configurations. 
Series resistances were between 10-75 MOhm and bridge balance was not compensated. 
After establishing the current-clamp configuration, the current was kept constant to keep the 
membrane potential at -70 mV and 10 steps of 20-40 pA current injections were somatically 
delivered for a duration of 500 ms. Each stimulus intensity was repeated 1-3 times with a 20 s 
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interval. If the membrane potential varied more than 7 mV during the course of the recording 
the cell was excluded from the database.
Description of the feature space
All data analysis was performed off-line using custom-written routines in MATLAB. Voltage 
traces corresponding to somatic current injection epochs (500 ms/sweep) were used for the 
quantification of the active electrophysiological properties of neurons (Figure 1). A total of 
139 features were extracted from each neuron (see Supplemental Table 1).  Seventy of these 
features were descriptors of the sub- and suprathreshold responses in single depolarization 
sweeps. The remaining 69 captured the dynamical nature of the change in somatic voltage 
dynamics across depolarization states.  
Figure 1. Primary features of somatically evoked action potentials. An example voltage trace and the description 
of primary features. See Supplemental Table 1 for a complete description. AP = action potential, ISI = interspike 
interval; AHP = afterhyperpolarization peak.
 To estimate the adaptive changes in membrane potential across the 10 somatic 
depolarization states, we performed a “best fit” analysis. The results showed that the 
overwhelming majority  (i.e. 67/70) of the dynamics can be best approximated by a linear fit, 
although the slope across the feature space varied. Those features that are best estimated with 
a logistic or exponential function, can also be approximated with a linear fit albeit at a cost 
of increased residuals. To ensure a uniform comparison across the feature space, we fitted 
all dynamical parameters (i.e. varying with stimulus amplitude) with linear kernel, and used 
the slope and onset value of each fit as descriptors, obtaining a total of 139 parameters (the 
parameter representing the “lowest current step at which the cell fired an AP” does not have 
a fit value).
Dimensionality reduction 
Dimensionality reduction prior to clustering allows maximum occupancy of each cluster and 
smaller cluster boundaries, given that those clusters that are weakly connected are unlikely 
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to converge if clusters are undersampled. Therefore, to estimate the minimum number of 
dimensions required to describe the data, we performed a Principal Component Analysis 
(PCA). We computed the eigenvalues of the whitened PCA covariance matrix, obtaining the 
lower boundary estimation, i.e. 15, as described before 26: Dim =(∑iλi)2/(∑iλi2). 
 To reduce the dimensionality in the feature space, we applied an empirically defined 
threshold of 0.6 on the Pearson correlation coefficients, computed pairwise across all 
parameters. The remaining 35 parameters are listed in Supplemental Table 1. Given the lower 
limit estimate of 15 and the higher limit of 139, and a dataset of 213 neurons, this feature 
space represents a sufficiently small dimensionality to perform the initial clustering. 
Clustering
To sort neurons into cell-classes, we used a hierarchical clustering approach where neurons 
were first sorted into 50 classes using k-means clustering 27, which were subsequently merged 
iteratively using maximum likelihood estimations as described below and before 28.  This 
approach ensured that the similarity within cell-clusters and dissimilarity between clusters 
were maximized. 
 K-means clustering was performed after standardizing the data so that each feature had 
a mean of zero and a standard deviation of one. After clustering, those cell-clusters that had 
less than 10 cells were removed and its members were reassigned to the closest cluster based 
on Z-distance minimization 26. This entire process was repeated 10000 times to calculate 
the variance in cluster assignments, which was subsequently used to determine the final 
cell-clusters based on maximum likelihood (ML) estimations, assigning each cell to the 
cluster with the highest probability of containing it. If, after the ML assignment, there were 
any clusters with less than 10 cells, the entire procedure was repeated again but this time ML 
clusters were used as the starting clusters.
Feature ranking 
To systematically evaluate what features are most informative for the classification of 
neurons, and provide a simplified set of criteria for post-hoc replicability across different 
datasets, we searched for the most informative features. To do so we computed the mean 
Z-distance between any given clusters for any combination of 5 features that survived that 
dimensionality reduction (from 139 to 35). As the final step, we ran the standard k-means 
algorithm, with the number of clusters estimated with the maximum likelihood agglomerative 
clustering, for all feature sets (Ns = [139 35 5]) and compared them by computing the 
Z-distance between them.  
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Results
To approximate the number of cell classes in the supragranular layers of the adult barrel cortex, 
we employed a hierarchical clustering approach on voltage traces recorded intracellularly in 
acute cortical slices.   
Dimensionality reduction for neuronal classification 
The neuronal response to somatic current injections was approximated by 139 dimensions 
that represent the response dynamics within and across stimulus intensities (i.e. the amplitude 
of the current injection, see Supplemental Table 1). To determine whether neurons can be 
clustered with high confidence in this high-dimensional feature space, we performed the 
k-means clustering and a single iteration of ML-based cluster merging (see Materials and 
Methods for details). The quantification of the occupancy for each cluster (Figure 1A) 
showed a heteroscedastic distribution. The probability of a given neuron to be assigned to any 
given cluster (Figure 1B) did not follow a uniform distribution, and only a subset of neurons 
was clustered with high confidence (Figure 1C). These observations support the notion that 
clustering in a high-dimensional space results in clusters with a small (minimal) inter-cluster 
distance. Accordingly, under these constraints, cluster identification is a probabilistic 
inference where each neuron has a particular probability distribution to be associated with a 
finite number of clusters (Figure 1C).  
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Figure 2. Clustering in high-dimensional feature space is a probabilistic approach to cell-type identification. 
(A) Sum of the probabilities of all the neurons to belong to a specific cluster. (B) The maximum probability for each 
neuron to belong to any cluster (indicative of certainty of cluster assignment). (C) The probability of each cell to be 
assigned to a specific cluster after the merging procedure, counted after 20000 mergings iterations.
 Clustering performance can be improved by either reducing the dimensionality of the 
feature space or by increasing the sampling size (i.e. number of neurons) to minimize the 
distance between the members of a given cluster while increasing the inter-cluster distance. 
Given the 213 neurons available in this dataset, we opted to reduce the dimensionality of the 
feature space. 
 To estimate the minimum number of features required to describe the data, we computed 
the dimensionality of the dataset based on the eigenvalues of the covariance matrix (see 
Materials and Methods for details), which showed that a minimum of 15 features is required 
to maximally reconstruct the data defined in 139 dimensions.  To identify these features 
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we computed the pairwise Pearson correlation across all variables.  The correlation matrix 
(Figure 3A) showed that 12 subsets of features are highly correlated. Using an empirically 
determined threshold of 0.6, we identified “weakly” correlated parameters (N=35; see 
Supplemental Table 1) and repeated the neuronal clustering in this lower-dimensional feature 
space.  The 213 neurons were grouped into 10 clusters (Figure 3B) that are well separated 
from one another (Figure 3C). 
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Figure 3. Dimensionality reduction in the feature space and neuronal clustering in a lower dimension. (A) The 
pairwise correlation coefficient between all 139 variables represented as a matrix. Left: Bidirectional correlation 
coefficient. Right: The correlation matrix on an absolute scale. (B) The distribution of the neurons across 10 clusters 
identified after clustering using 35 spike features. (C) The pairwise Euclidean distance between the cluster centroids 
after standardization.          
 The 35 features used for clustering is still significantly larger than the theoretical minimum 
number of features (i.e. 15) required to describe this dataset. To rank the relevant contribution 
of each feature to the clustering performance we have repeated clustering using only 5 
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features at a time in a combinatorial space. Across the 324632 combinations, all informative 
features are the variables which approximate the cell behavior across current injection steps 
(Figure 4A).  
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Figure 4. Ranking features for their contribution to cluster separation and clustering with 5 most informative 
features. We considered every possible combination of 5 parameters, in the 35 remaining after the correlation 
analysis. We computed new cluster assignments, using the method described before, but in the 35-parameter 
space, next we computed the Z-distance between the clusters in the space that is given by the projection on each 
of these 5-parameter subspaces. The combination of 5 parameters that results in the highest average Z-distance 
between clusters is considered to be the most informative. (A) Ranked order of features, computed by counting the 
appearance of each one, in the 5 parameters combinations, ordered by their averaged Z-distance. (B) Neurons were 
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sorted into 13 clusters. (C) The pairwise Euclidean distance between the cluster centroids.
 To quantify the clustering performance with a subset of features, we repeated the clustering 
one final time but with five features (i.e. slope of the linear fit of the Absolute Firing Rate 
and Maximum AHP Peak Amplitude, the onset values of AP Latency Window, AP HalfWidth 
Mean and AHP Peak Latency Mean). The results showed that except for one neuron (appears 
in blue in Figure 4B), all neurons had a unique cluster identity, suggesting that in the 5 
dimensional space neurons can still be grouped with high-confidence into well-separated 
clusters (Figure 4C).   
Neuronal electrical identity depends on the somatic depolarization  amplitude
The feature space that best predicts the clustering performance, i.e. most informative feature 
combination, exclusively includes variables that are analytical descriptions of the adaptive 
changes observed in spiking across somatic (membrane) depolarization states (Figure 4A). 
This observation suggests that the separation between clusters might depend on stimulus 
amplitude. Because voltage-gated conductances help maintain membrane depolarization, 
ensure repolarization and contribute to the action potential generation, a sustained depolarization 
of the membrane potential might change the electrical signature of the neuron 29–31. Therefore, 
to quantify the discriminability of the clusters across the discrete somatic depolarization states, 
we calculated the average pairwise Z-distance between clusters (Figure 5).  
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Figure 5. Cluster separation varies with membrane polarization state. The Z-distance between clusters were 
calculated across all clusters and across stimulus amplitude. Nine representative features and the degree of separation 
between clusters are shown. 
 The results show that the cluster separation varies with the membrane potential such 
that in those feature spaces based on spike timing and its derivatives, the cluster separation 
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gradually improves as the amplitude of somatic current injection is increased. Spike 
threshold and firing rate across somatic depolarization states distinguish a non-overlapping 
subset of clusters which differentially adapt to the changes in the membrane states. The 
duration, amplitude, and latency of the after-spike hyperpolarization (AHP) are all regulated, 
expectedly, across the different membrane potentials; while the suppression of the AHP 
peak amplitude in more depolarized membrane states results in better discriminability of 
the clusters during weak somatic depolarization; both the peak latency and the duration of 
the AHP contribute to better cluster separation in more depolarized membrane states.  These 
results argue that the electrical signature of neurons, hence the performance of clustering 
based on the spiking dynamics of neurons, varies across the membrane states. 
Neuronal classes in the adult primary somatosensory cortex in layers 2/3
To identify the functional classes of adult cortical neurons in the supragranular layers of 
the primary somatosensory cortex, we have deployed the hierarchical clustering described 
above and assigned each neuron to a cluster. Ten clusters contained 10 or more units. To 
systematically compare the changes in the spiking responses across the membrane states, we 
described the electrical responses to somatic current injections using features that are among 
the most informative dimensions for clustering.   
 As previously shown 14,19,20,32, binary classification of putative excitatory (regularly 
spiking) and putative inhibitory (fast-spiking) neurons can be achieved using firing rate/
inter-spike interval, action potential half-width, or any combination thereof (Figure 6).  The 
amplitude of the afterhyperpolarization (AHP) peak allows further classification of the 
putative inhibitory neurons into three sub-classes based on the rate adaptation upon somatic 
depolarization (Figure 6).  Although all three sub-classes have a comparable AHP duration, 
which is shorter than that of all putative excitatory neurons, and quickly reach the peak 
latency during membrane repolarization, their AHP amplitude follows a gradient and is not 
suppressed considerably with the increased depolarization of the membrane (Figure 6).  
 In terms of the molecular and biochemical complexity, inhibitory neurons are significantly 
more diverse than their excitatory counterparts 6,9,10,14,15. Electrophysiologically, however, our 
findings now indicate that excitatory neurons are more diverse. Seven of the ten clusters 
generate action potentials at lower rates than putative inhibitory neurons, and the AP width is 
at least twice as large as that of inhibitory neurons. The significant variability among excitatory 
neurons’ spiking patterns (Figure 6) might be attributed to the properties (i.e. subchannel 
composition), density and distribution of voltage-gated sodium and potassium channels (e.g. 
in the case of action potential half-width, action potential latency, action potential threshold), 
the adaptive changes in voltage-gated conductances across depolarization states (resulting in 
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action potential threshold variation) or differences in the membrane integration time constant 
(e.g. interspike interval). This variability between the putative excitatory neurons might also 
be due to anatomical or experience-dependent changes across cortical neurons. Independent 
from the underlying cause, these results argue that adult excitatory neurons are more diverse 
than the inhibitory neurons in the primary somatosensory cortex.      
Figure 6. Spiking characteristics of identified clusters in the primary somatosensory cortex of the adult 
mouse.  All data is from the cortical layers 2/3 of the barrel cortex.  Clusters 3,6,8 are putatively inhibitory.  
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Discussion
The responses of (cortical) neurons are shaped by both their intrinsic biophysical properties 
and their position and connectivity in the network 33–35. During development, but also 
throughout the adult life of an animal, several mechanisms including homeostatic and neural 
plasticity mechanisms constantly update the neuron’s properties in order for the neuron to be 
able to function properly. These changing properties include its biophysical properties (i.e. 
what ion channels and receptors are expressed in the membrane and in what quantities, see 
for instance 36 ), its connectivity (i.e. to what neurons it is connected and how strongly) as well 
as its morphology. Therefore, we expect that structural and functional correlations between 
neurons 18,37,38 results in neural properties that group together so that the cell can perform 
its functions, corresponding to ‘neural cell classes’. Here we described such a grouping of 
neurons, as we identify three putative inhibitory and seven putative excitatory cell classes in 
the cortical layers 2/3 of the adult primary somatosensory cortex.  
 Neurons in a cluster can plausibly adopt different strategies in order to perform certain 
functions 39,40, resulting in gradual differences between neurons rather than well-separated 
‘clusters’ of properties as we observed among the excitatory neurons (also see 41). Finding 
the neural properties that group together, i.e. ‘clustering’ our high-dimensional dataset, is 
a non-trivial task, where the experimenter necessarily has to make non-obvious choices 
about which clustering method to use and how to set the meta-parameters of the clustering 
algorithm.  Often, the ‘ground-truth’ is not known, so it is difficult to assess the quality of 
the chosen method. Therefore, it is important to choose the method with some knowledge of 
the dataset 42. For instance, because of the continuous nature of our data, clustering methods 
purely based on distance, such as tSNE 43, do not perform well. An extra difficulty in our 
dataset is that it is large for an in vitro dataset, but relatively small in relation to the number of 
dimensions. Therefore, we chose a combination of a simple but well understood and easy to 
interpret automatic method (k-means clustering) together with a method that was specific for 
this dataset (merging small clusters until each cluster had at least 10). This approach allowed 
us to perform clustering in a lower dimensional space, i.e. by considering less number of 
features. Repeating the clustering in a larger dataset, when it becomes available, will help to 
identify those neuronal clusters that are sparsely populated in our iteration of the clustering.
 Even though the high-dimensional clustering of cell properties gives many insights 
on its own, it is not always feasible in an experimental setup to measure so many cellular 
properties. Therefore, we asked: ‘How can we minimize the number of measured cell 
properties, and still perform a cluster analysis with the same results as the high-dimensional 
clustering?’. For this, we had to perform dimensionality reduction. With the recent 
improvement of high-dimensional recording techniques, dimensionality reduction methods 
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beyond ‘simple’ principal component analysis have moved into the spotlight. Even though 
these types of analysis are mostly used for population recordings 44,45, the same steps apply 
for high-dimensional in vitro single-cell data. The first step is looking into the ‘underlying’ 
dimensionality of the dataset: one should check that even though a (typically large) dataset 
is high-dimensional, the underlying principles are probably low-dimensional, allowing for a 
low-dimensional description. We showed here through the dimensionality calculation (see 
Materials and Methods) and the correlations between the measured parameters in our dataset 
that a lower-dimensional representation should be possible (Figure 3). The second step is to 
identify informative and less informative dimensions (Figure 4). Finally, one should perform 
a check on the dimensionality reduction: does the representation in low-dimensional space 
yield the same properties as in the high-dimensional space? Here we performed our clustering 
analysis both on the high- and low-dimensional representations of our data, and showed 
that neurons are classified into well separated clusters before and after the dimensionality 
reduction (see Figure 3 vs 4). Thus, the clustering approach presented herein is unlikely 
to be biased by the sampling size or the number of features used for the classification. 
Future application of this clustering approach in neurons recorded across brain regions and 
developmental periods will help to address whether these cell classes are universal. Using 
these identified cell classes and their response properties in computational network models 
will help to develop more advanced, biologically realistic networks, starting with a model of 
the somatosensory cortex of the rodents.  
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Supplementary materials
Supplemental Table 1. Principal features of action potentials. Each quantity is measured over increasing current 
injections step. For each quantity (with the exception of the 1st, which has only a single scalar value) both the 
starting value as well as the slope of the linear fit over the current injections are used as parameters (for a total of 139 
parameters). AP = action potential; AHP = afterhyperpolarization current; ISI: interspike interval. The 35 parameters 
that were selected after the correlation analysis are in italics.
1 Current necessary for 1st AP [pA] the lowest current step at which the cell fired an AP [pA]
2 AP count the number of APs fired through the stimulation
3 Absolute FR [Hz] the number of APs divided by the stimulus duration
4 Instantaneous FR [Hz] the instantaneous firing rate over the stimulation
5 AP Latency of 1st spike  [ms] the time interval between the start of the stimulation and the 1st AP 
generated.
6 AP Latency of last spike [ms] the time interval between the start of the stimulation and the last 
AP generated.
7 AP Latency of window [ms] the time interval between first and last AP generated
8 AP Latency compression onset latency between the first and last spikes, divided by the 
stimulus length
9 ISI minimum [ms] the minimum ISI between 2 consecutive APs over the stimulation
10 ISI maximum [ms] the maximum ISI between 2 consecutive APs over the stimulation
11 ISI mean [ms] the mean ISI between 2 consecutive APs over the stimulation
12 ISI median [ms] the median ISI between 2 consecutive APs over the stimulation
13 ISI adaptation rate [%] (First ISI - Last ISI) / First ISI
14 AP Threshold of 1st spike [mV] the threshold at which the 1st AP of the AP train is generated, 
computed as the peak of the 2nd derivative of the membrane 
potential.
15 AP Threshold of last spike [mV] the threshold at which the last AP of the AP train is generated, 
computed as the peak of the 2nd derivative of the membrane 
potential.
16 AP Threshold minimum [mV] the minimum threshold at which an AP is generated during the AP 
train, computed as the peak of the 2nd derivative of the membrane 
potential.
17 AP Threshold maximum [mV] the maximum threshold at which an AP is generated during the AP 
train, computed as the peak of the 2nd derivative of the membrane 
potential.
18 AP Threshold mean [mV] the mean threshold at which an AP is generated during the AP 
train, computed as the peak of the 2nd derivative of the membrane 
potential.
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19 AP Threshold median [mV] the median threshold at which an AP is generated during the AP 
train, computed as the peak of the 2nd derivative of the membrane 
potential.
20 AP Threshold adaptation rate [%] (First AP Threshold - Last AP Threshold)/ First AP Threshold
21 AP Half-Width of 1st spike [ms] the width of the 1st AP at half height 
22 AP Half-Width of last spike [ms] the width of the last AP at half height
23 AP Half-Width minimum [ms] the minimum half-width of the whole AP train
24 AP Half-Width maximum [ms] the maximum half-width of the whole AP train
25 AP Half-Width mean [ms] the mean half-width of the whole AP train
26 AP Half-Width median [ms] the median half-width of the whole AP train
27 AP Half-Width adaptation rate [%] (First AP Half-Width- Last AP Half-Width)/ First AP Half-Width
28 AP Amplitude of 1st spike [mV] the amplitude of the 1st AP of the AP train, computed as |max - 
baseline|
29 AP Amplitude of last spike [mV] the amplitude of the last AP of the AP train, computed as |max - 
baseline|
30 AP Amplitude minimum [mV] the minimum amplitude of the whole AP train, computed as |max 
- baseline|
31 AP Amplitude maximum [mV] the maximum amplitude of the whole AP train, computed as |max 
- baseline|
32 AP Amplitude mean [mV] the mean amplitude of the whole AP train, computed as |max - 
baseline|
33 AP Amplitude median [mV]
 
the median amplitude of the whole AP train, computed as |max - 
baseline|
34 AP Amplitude of adaptation rate [%] (First AP Amplitude - Last AP Amplitude)/ First AP Amplitude
35 AHP Peak Latency of 1st spike [ms] the time interval between the return to baseline of the voltage after 
the 1st AP of the APs train, and its corresponding AHP peak.
36 AHP Peak Latency of last spike [ms] the time interval between the return to baseline of the voltage after 
the last AP of the APs train, and its corresponding AHP peak.
37 AHP Peak Latency minimum [ms] the minimum time interval between the return to baseline of the 
voltage after the APs of the APs train, and its corresponding AHP 
peak.
38 AHP Peak Latency maximum [ms] the maximum time interval between the return to baseline of the 
voltage after the APs of the APs train, and its corresponding AHP 
peak.
39 AHP Peak Latency mean [ms] the maximum time interval between the return to baseline of the 
voltage after the APs of the APs train, and its corresponding AHP 
peak.
40 AHP Peak Latency adaptation rate 
[%]
(First AHP Peak Latency - Last AHP Peak Latency)/ First AHP 
Peak Latency
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41 AHP Peak Amplitude of 1st spike 
[mV]
the difference between the peak of the AHP corresponding to the 
1st AP of the APs train, and the baseline membrane potential.
42 AHP Peak Amplitude of last spike 
[mV]
the difference between the peak of the AHP corresponding to the 
last AP of the APs train, and the baseline membrane potential.
43 AHP Peak Amplitude minimum 
[mV]
the minimum difference between the peak of the AHP 
corresponding to the APs of the APs train, and the baseline 
membrane potential.
44 AHP Peak Amplitude maximum 
[mV]
the maximum difference between the peak of the AHP 
corresponding to the APs of the APs train, and the baseline 
membrane potential.
45 AHP Peak Amplitude mean [mV] the mean difference between the peak of the AHP corresponding to 
the APs of the APs train, and the baseline membrane potential.
46 AHP Peak Amplitude adaptation 
rate [%]
(First AHP Amplitude - Last AHP Amplitude)/ First AHP 
Amplitude
47 AHP Duration of 1st spike [ms] the time interval between the point where the membrane potential 
reaches baseline value, after an AP, and when it reaches baseline 
value, after the corresponding AHP, measured for the 1st AP of the 
APs train.
48 AHP Duration of last spike [ms] the time interval between the point where the membrane potential 
reaches baseline value, after an AP, and when it reaches baseline 
value, after the corresponding AHP, measured for the last AP of the 
APs train.
49 AHP Duration minimum [ms] the minimal time interval between the point where the membrane 
potential reaches baseline value, after an AP, and when it reaches 
baseline value, after the corresponding AHP, for the whole APs 
train.
50 AHP Duration maximum [ms] the maximum time interval between the point where the membrane 
potential reaches baseline value, after an AP, and when it reaches 
baseline value, after the corresponding AHP, for the whole APs 
train.
51 AHP Duration mean [ms] the mean time interval between the point where the membrane 
potential reaches baseline value, after an AP, and when it reaches 
baseline value, after the corresponding AHP, for the whole APs 
train.
52 AHP Duration adaptation rate [%] (First AHP Duration - Last AHP Duration)/ First AHP Duration
53 AHP Integral of 1st spike [ms*mV] the integral of the AHP of the 1st AP in the APs train.
54 AHP Integral of last spike [ms*mV] the integral of the AHP of the last AP in the APs train.
55 AHP Integral minimum [ms*mV] the minimum integral of the AHP of the APs train.
56 AHP Integral maximum [ms*mV] the maximum integral of the AHP of the APs train.
57 AHP Integral mean [ms*mV] the mean integral of the AHP of the APs train.
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58 AHP Integral adaptation rate [%] (First AHP Integral - Last AHP Integral)/ First AHP Integral
59 AHP Fall Slope of 1st spike [mV/
ms]
the slope of the decay phase of the AHP of the 1st AP in the APs 
train.
60 AHP Fall Slope of last spike [mV/
ms]
the slope of the decay phase of the AHP of the last AP in the APs 
train.
61 AHP Fall Slope minimum [mV/ms] the minimum slope of the decay phase of the AHP of the APs train.
62 AHP Fall Slope maximum [mV/ms] the maximum slope of the decay phase of the AHP of the APs 
train.
63 AHP Fall Slope mean [mV/ms] the mean slope of the decay phase of the AHP of the APs train.
64 AHP Fall Slope adaptation rate [%] (First AHP Fall Slope - Last AHP Fall Slope)/ First AHP Fall Slope
65 AHP Rise Slope of 1st spike [mV/
ms]
the slope of the rising phase of the AHP of the 1st AP in the APs 
train.
66 AHP Rise Slope of last spike [mV/
ms]
the slope of the rising phase of the AHP of the last AP in the APs 
train.
67 AHP Rise Slope minimum [mV/ms] the minimum slope of the rising phase of the AHP of the APs train.
68 AHP Rise Slope maximum [mV/ms] the maximum slope of the rising phase of the AHP of the APs train.
69 AHP Rise Slope mean [mV/ms] the mean slope of the rising phase of the AHP of the APs train.
70 AHP Rise Slope adaptation rate [%] (First AHP Rise Slope - Last AHP Rise Slope)/ First AHP Rise 
Slope
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Chapter 4
Activity dependent transcriptional 
regulation of the dopaminergic signaling in 
the somatosensory cortex
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Dopamine is a principal neuromodulator that contributes to various brain functions ranging 
from motor planning, coordination and execution to processing of reward and sensory stimulus. 
Whether dopaminergic signaling in sensory cortices is regulated by sensory experience 
is unknown. Here we addressed this question in the adult mouse primary somatosensory 
cortex by performing RNA sequencing in cortical columnar and laminae resolution after 
animals’ sensory experience was controlled with bilateral single row whisker deprivation. 
The results showed that gene transcription in the dopaminergic signaling pathway (DSP) 
undergoes experience-dependent plasticity both in granular and supragranular layers. 
Sensory experience and sensory deprivation compete for the regulation of DSP transcription 
across the neighboring cortical columns, and that sensory deprivation induced changes in 
DSP signaling are topographically constrained. These results argue that dopaminergic drive 
originating from the midbrain dopaminergic neurons, targeting the sensory cortex, is subject 
to experience-dependent regulation and might contribute to the sensory deficits observed 
after dopaminergic cell loss in Parkinson patients. 
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Dopamine is a monoaminergic neurotransmitter that contributes to processing of sensory, 
motor, emotional states and higher cognitive functions 1–5.  Dysfunctions of the dopaminergic 
synthesis and release are associated with various disorders that impair sensory processing, e.g. 
aggression and violence 6 , Parkinson’s Disease 7, addiction 8, attention deficit hyperactivity 
disorder 9,10.   
 Although how dopamine alters sensory processing is yet to be mechanistically 
understood, recent experiments 11 in the monkey prefrontal cortex showed that local 
application of dopamine regulates the integration of sensory information. Considering that 
sensory information (experience) powerfully modulates neuronal excitability in the primary 
somatosensory cortex 12–15 which projects to midbrain nuclei that release dopamine 16,17 
if the dopaminergic signaling in the sensory cortices is modulated by experience, this would 
create a powerful close-loop between dopaminergic signaling and sensory processing. 
Such a regulatory close-loop might be the mechanism behind sensory integration loss upon 
dopaminergic depletion 18.
 With its columnar organization and topographic representations, the whisker system of 
the rodents is a widely studied model of sensory information processing and its plasticity 
by sensory experience 19,20. Previous studies showed that apomorphine injection increases 
proto-oncogene transcription in the striatum and the barrel cortex 21, suggesting that 
dopaminergic receptor activation can alter gene transcription in the somatosensory cortex. 
Surgical transection of the infraorbital nerve, disrupting the sensory flow from the periphery, 
results in elevated dopamine release in the barrel cortex 22, plausibly contributing to the 
experience-dependent reorganization of the cortex. Despite these observations, it is not yet 
known whether dopaminergic signaling in the barrel cortex is differentially altered upon 
sensory experience.  Here we took advantage of the recently completed transcriptomic 
mapping of the barrel cortex 23 to study this question.  After identifying the 187 genes in the 
dopaminergic signaling pathway (DSP), we addressed 1) whether transcription of the DSP 
is regulated across cortical layers in the absence of sensory deprivation,  2) does prolong 
(two-week long) sensory deprivation alter DSP in a cortical column and layer specific manner, 
3) is there a competition between sensory experience and sensory deprivation in controlling 
DSP and 4) the topography of the experience-dependent changes in DSP signaling.  The 
results showed that in the absence of whisker deprivation, DSP signaling is uniform and 
comparable across the supragranular and granular layers of the barrel cortex.  Whisker 
deprivation systematically reduces DSP signaling across the laminae which dominate gene 
transcription even in the spared whiskers’ cortical columns neighboring the deprived column. 
Experience-dependent changes in DSP signaling are specific topographic, albeit broad. These 
results are the first direct observation and systematic analysis of the dopaminergic signaling 
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pathway in any sensory cortices and argue that whisker deprivation controls neuronal activity 
beyond the sensorimotor axis in the brain.   
Experimental Procedures
All experiments were performed in accordance with the Animal Ethics Committee of the 
Radboud University in Nijmegen, the Netherlands. The experimental procedures, including 
sensory deprivation 13,44,45, isolation of cortical columns and laminae 24, RNA isolation, quality 
control, and data validation 23 were as described. The RNAseq data is available for download 
46 and can be searched and visualized online at barrelomics.science.ru.nl. 
Animals 
Wild-type female C57Bl6 mice (Charles River: Wilmington, Massachusetts, United States, 
stock number 000664; RRID:NCBITaxon_10090) were used for the experiments described 
herein. Animals (N=8; 4 mice/group) were randomly assigned to control and whisker 
deprivation groups 12 days after birth (P12). Experience-dependent plasticity was induced 
by whisker deprivation. Bilateral plucking of their C-row whiskers was performed under 
isoflurane anesthesia starting from P12, and repeated as necessary. Control animals were not 
plucked but anesthetized and handled similarly (sham plucked).  
Slice preparation and sample collection
Slice preparation was performed as described 24 on P23-P24.  In short, pups were anaesthetized 
using isoflurane and perfused with ice-cold carbogenated slicing medium (108 mM ChCl, 3 
mM KCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 25 mM glucose, 1 mM CaCl2, 6 mM 
MgSO4, and 3 mM Na-pyruvate). Acute thalamocortical slices (thickness 400 μm) from each 
hemisphere were prepared as described before 12,13,24. Slices were incubated in carbogenated 
artificial cerebrospinal fluid (ACSF) (120 mM NaCl, 3.5 mM KCl, 10 mM glucose, 2.5 mM 
CaCl2, 1.3 mM MgSO4, 25 mM NaHCO3, and 1.25 mM NaH2PO4) at 37°C for 30 minutes. 
After which they were gradually returned to room temperature prior to sample collection.  
 Cortical columns, A through E, were incised before granular layers (Layer, L, 4) and 
supragranular layers (L2/3) were isolated while the tissue was continuously perfused with 
carbogenated ACSF in room temperature as described 24. Samples from columns A/E and B/D, 
which respectively correspond to the second- and first-order spared whiskers, were pooled. 
Thus giving 8 tissue clusters across two groups of animals (See Figure 1). Immediately after 
dissection, samples were snap-frozen in liquid nitrogen and stored at −80°C until further 
use. All tools that came into direct contact with brain tissue were treated using RNAseZap 
(Thermo Fisher Scientific: Waltham, Massachusetts, United States, #AM9780) in order to 
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minimize RNAse contamination.
RNA isolation and quality control 
Details on the RNA sequencing was provided before 25. In short, tissues were quickly 
dissolved in Qiazol (Qiagen: Hilden, Germany, #79306) before RNA isolation performed 
using the miRNeasy Mini kit (Qiagen: Hilden, Germany, #217004). After DNAse (Thermo 
Fisher Scientific: Waltham, Massachusetts, United States, #EN0521) treatment the tissue 
samples were cleaned using the RNeasy MinElute kit (Qiagen: Hilden, Germany, #74204) 
and subsequently stored at –80°C until further processing.
 RNA sample integrity was determined using Agilent Tapestation (Agilent: Santa Clara, 
USA, High Sensitivity RNA Screentape, #5067-5581). All samples had an RNA integrity 
(RIN) value >7.1, range 7.1-8.8.  To confirm cDNA production and to ensure that a large 
(~1000 bp) amplicon could be obtained from the samples reverse transcription polymerase 
chain reaction (RT-PCR) was performed.  cDNA was produced using SuperScript II Reverse 
Transcriptase (Thermo Fisher Scientific: Waltham, Massachusetts, United States, #18064014) 
with random hexamer primers (Roche: Basel, Switzerland, #11034731001). The resulting 
cDNA was then added to a PCR reaction mix, including Jumpstart Ready Mix (Sigma P2893) 
and exon-exon junction-spanning CamKII primers (FW TCCAACATTGTACGCCTCCAT; 
RV TGTTGGTGCTGTCGGAAGAT). From all cDNA samples, a fragment of the expected 
size could be amplified, suggesting that the RNA samples contained pure RNA of sufficient 
integrity. 
RNA sequencing 
RNA sequencing was conducted at the Genomics Core Facility of the EMBL, Heidelberg, 
Germany (RRID:SCR_004473) as detailed before 25. In short, the cDNA library was 
generated using the non-stranded NEBNext Ultra RNA Library Preparation Kit for Illumina 
(NEB: Ipswich, Massachusetts, United States, #E7530) via oligo-dT bead selection of mRNA. 
13–14 PCR cycles were performed for library enrichment. Pooled libraries were sequenced 
on the Illumina: NextSeq 500 instrument (Illumina: San Diego, California, United States of 
America) (RRID:SCR_014983) in a 75-bp paired-end mode using high-output flow cells. 
The data is available for download 46 and can be explored online at barrelomics.science.ru.nl 
 
Data validation and quality control 
Sequencing read quality was assessed using FastQC (Babraham Bioinformatics: Babraham, 
England; RRID:SCR_014583), the results of which were merged using MultiQC 
(RRID:SCR_014982) as detailed in 25. Per base quality (phred) scores ranged from 34.80 to 
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35.15, indicating a base call accuracy better than >99.9% . Reads were mapped to the mm10 
reference genome using STAR (RRID:SCR_005622), which uniquely mapped between 
39-59 million reads. 
 The library preparation required a PCR enrichment step which might lead to overestimation 
of observed transcripts. Analysis of the read density, using Seqmonk (Babraham 
Bioinformatics: Babraham, England; RRID:SCR_001913), showed that a positive relation 
between read density and duplication levels and argued that the origin of read duplication is 
biological rather than technical. 
 
Analysis of gene expression
To identify the genes in the dopaminergic signaling pathway (DSP), we performed a 
Mouse Genome Informatics gene ontology search at http://www.informatics.jax.org/vocab/
gene_ontology/. DSP genes and their functional annotations are provided in Supplemental 
Table 1.  The differential transcription analysis across experimental groups for the DSP 
genes was performed using transcript counts in MATLAB with custom written routines. 
Laminar analysis of the transcription was performed within each column across granular 
and supragranular layers.  Within laminae analyses were performed across independent 
cortical columns.  Statistical comparisons between groups were performed with two sample 
Kolmogorov-Smirnov test, ANOVA or paired t-test as noted.  Hierarchical clustering of the 
expression data was performed using the clustergram function in MATLAB after normalizing 
the data within laminae across whisker deprivation conditions.  See Figure legends for 
specific data handling procedures.      
Results
To address whether dopaminergic signaling pathway undergoes experience-dependent 
regulation here we studied the transcriptome in the mouse primary somatosensory cortex in a 
columnar and laminar resolution.  Animals were divided into two groups, Control vs Whisker 
Deprived (Figure 1A).  Whisker deprived mice received bilateral C-row deprivation for two 
weeks; Control animals received sham plucking (see Experimental Procedures for details).  
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Figure 1. Genes in the Dopaminergic signaling pathway transcribe at comparable rates across layers in 
control animals. (A) The sensory deprivation protocol (N=4 mice/group).  (B) Thalamocortical slices of the barrel 
cortex were prepared from each hemisphere.  (C) Cortical columns and layers of interest were isolated as described 
before 24 prior to RNA sequencing. (D) Genes in the dopaminergic signaling pathway (DSP, see Supplemental 
Table 1) were identified via Mouse Genome Informatics gene ontology search. The transcription rate of DSP genes 
was comparable across layers (p=0.54; Kolmogorov-Smirnov test). Inset: Average number of transcript per gene 
(N=187) in DSP across granular (L4) and supragranular (L2/3) layers. (E) Comparison of gene transcription across 
layers.  Each dot represents a gene in the DSP. Gene transcription did not significantly vary across layers (linear 
regression, R2adjusted= 0.96, p=0.76, t-test). (F) Comparison of gene transcription by function across layers (see 
Supplemental Table 1 for functional annotations for each gene).  None of the pairwise comparisons across layers 
within functional gene-clusters were significant (0.24<p<0.97, t-test).  RNAseq data, read alignments (BAM files), 
and raw read counts as determined by STAR aligner can be found online  http://dx.doi.org/10.5524/100296. Detailed 
descriptions of the data acquisition, processing, quality control, and validation can be found at 25. 
Transcription of the genes in Dopaminergic Signalling Pathway is not cortical laminae 
specific 
Comparison of the transcription across the 187 genes which contribute to dopaminergic 
signaling (see Supplemental Table 1) across cortical layers (L) 4 and L2/3 showed that gene 
transcription is not differentially regulated across laminae (Figure 1D).  Because there are 
not any dopaminergic neurons in the neocortex, and dopaminergic axons originating from 
midbrain nuclei project throughout the cortical layers 26, the observed molecular phenotype 
supports the existence of diffuse projections across cortical laminae in the juvenile mouse 
somatosensory cortex.  Accordingly, pairwise comparison of the transcription for every 
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gene across the laminae showed that the transcriptional profile of DSP in the upper layers 
was predictive of one another (Figure 1E).  Although gene transcription was differentially 
regulated across functional subgroups in the DSP, there was again no systematic change 
across laminae (Figure 1F).  
Experience-dependent regulation of DSP
The transcriptome and proteome of the somatosensory cortex undergo experience-dependent 
regulation 19,23,27.  Given the extra cortical of origin of dopamine, many of the genes in the DSP 
are located presynaptically.  If their transcription in the somatosensory cortex is regulated by 
experience, it will shed light onto the consequences of sensory deprivation in structures that 
are not traditionally considered as nuclei that undergo experience-dependent plasticity.
 To address the role of sensory experience in DSP regulation we compared the 
transcriptome of the DSP within laminae across Control and Whisker Deprived animals.  DSP 
signaling in L4 (Figure 2A) and L2/3 (Figure 2B) were significantly modulated upon sensory 
deprivation as the lack of sensory input resulted in transcriptional suppression for DSP genes 
in the primary somatosensory cortex.  The pairwise comparison of the gene transcription 
after normalization of the transcript count (Figure 2C) confirmed these observations and 
also showed that, except a handful of the genes, the direction and relative change in gene 
transcription are linearly correlated across the cortical laminae.
 To distinguish the laminar expression pattern of the differentially transcribed genes we 
spatially and functionally classified the DSP (Figure 2D).  The results showed that L2/3 is 
transcriptionally richer. There are relatively more transcripts across all functional classes that 
are differentially regulated by experience in a layer-specific manner.  The relative degree of 
changes across the functional clusters can be visualized using cluster distance metrics (Figure 
2E) which shows genes in the dopaminergic transport and update, dopamine secretion and 
synaptic transmission, dopaminergic neuron development, and dopamine metabolism are the 
principal functional classes regulated by sensory experience. 
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Figure 2. Transcriptional regulation of the Dopaminergic signaling pathway upon whisker deprivation. (A) 
Whisker deprivation suppresses gene transcription. Data from L4 of the C-columns from control (Control) and 
whisker deprived (Deprived) animals (p<0.05; Kolmogorov-Smirnov test). Inset: Average number of transcript per 
DSP gene across whisker deprivation conditions (F(1,186)=12.1639 p<0.001; ANOVA). (B) Whisker-deprivation 
induced suppression in Dopaminergic gene transcription in L2/3 (p<0.05; Kolmogorov-Smirnov test). Inset: Average 
transcript count (F(1,186)=7.5088 p<0.001; ANOVA). (C) Comparison of the relative change in gene transcription 
across cortical laminae. (D) Dopaminergic transcripts whose transcription is altered upon whisker deprivation 
grouped by simplified functional annotations.  See Supplemental Tables 2 and 3 for the transcriptional data, results 
of the statistical analysis, and functional annotations based on MGI gene ontology.  See Supplemental Table 4 for the 
laminar specificity of the transcriptional regulation for each differentially regulated gene upon whisker deprivation. 
Note that the intersection of the two rounded rectangles contains transcripts that are regulated by whisker deprivation 
both in L2/3 and L/4.  (E) Clustergram shows the relative distance between functional groups in terms of the relative 
change in transcription upon whisker deprivation.  Data is normalized within laminae across whisker deprivation 
conditions. Whisker deprivation significantly altered the transcription of genes responsible for dopamine secretion 
and synaptic transmission (L2/3: p<0.01; L4: p=0.01), dopaminergic neuron development (L2/3: p<0.005; L4: 
p<0.005),  dopamine metabolism (L2/3: p<0.001; L4: p<0.001), signal transduction in the dopaminergic pathway 
(L2/3: p<0.01; L4: p<0.001) and dopamine receptor binding (L2/3: p<0.005; L4:p<0.005; All comparisons: t-test). 
The competition between sensory experience and sensory deprivation for DSP regulation
Single row whisker deprivation results in synaptic competition in the barrel cortex.  Although 
neurons in a given cortical column are primarily driven by a single whisker, contacts of the 
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first order neighboring whiskers are also represented by somatosensory neurons, due to broad, 
multi-whisker subthreshold representations 20,28.  Therefore in the deprived somatosensory 
cortex, neuronal activity in the first order spared whiskers’ cortical columns is a product of the 
sensory input originating from their principal whisker as well as the adaptive (homeostatic) 
and long-term changes caused by sensory deprivation affecting their neighboring whisker 
12–15,29–33. To address whether DSP signaling is primarily driven by the sensory experience 
or deprivation, we compared the DSP transcriptome of the deprived (C) row column and 
the 1st order spared neighboring column.  The transcription in L4 (Figure 3A) and L2/3 
(Figure 3B) across the two groups were statistically comparable (Figure 3C).  Although the 
transcriptional bias that we showed across the different functional subclasses in the DSP in the 
control animals was preserved (Figure 3D)  only a small fraction of the transcripts (11/187) 
were differentially regulated across columns and layers (see Supplemental Tables 5-7 for 
differentially regulated transcripts).  These results argue that there is a competition between 
sensory experience and deprivation for transcriptional regulation of the DSP, and sensory 
deprivation is the primary cause for the experience-dependent regulation in transcription. 
Figure 3. Competition between sensory experience and sensory deprivation in driving DSP signaling. First 
order neighboring cortical columns (B/D) to the deprived C column are compared against the C column. (A-B) DSP 
signaling is not regulated by the sensory input in the 1st order spared whiskers’ cortical columns neither in L4 (p=0.53; 
Kolmogorov-Smirnov test) nor in L2/3 (p=0.99; Kolmogorov-Smirnov test). Data from Control laminae are shown 
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in Figure 2 and are provided for herein for comparison. (C) Comparison of the relative change in gene transcription 
across cortical laminae per gene. L4: F(1,186)=0.8789 p=0.87; ANOVA.  L2/3: (F(1,186)=0.2418 p=1; ANOVA. 
(D) Comparison of gene transcription by function across layers (see Supplemental Table 1 for functional annotations 
for each gene).  None of the pairwise comparisons across layers within functional gene-clusters were significant 
(paired t-test).  (E) Comparison of the relative change in gene transcription across cortical laminae for each gene. 
See Supplemental Tables 5 and 6 for genes that are differentially transcribed in L4 and L2/3. (F) Clustergram shows 
the relative distance between functional groups in terms of the relative change in transcription across the deprived 
and the 1st order spared columns in animals that received whisker deprivation.  Unlike the visualization in D, this 
analysis removes the co-variance within animal across cortical columns.  Whisker deprivation significantly altered 
the transcription of genes responsible for dopamine receptor binding (L2/3: p<0.05; L4:p<0.05) and dopaminergic 
neuron development (L2/3: p<0.05; L4: p<0.005) both in L2/3 and L4 (All comparisons: t-test). See Supplemental 
Table 7 for the laminar distribution of transcripts that are differentially transcribed across the deprived and 1st order 
spared columns, organized by function.  
The topography of the transcriptional regulation of the DSP
Neuromodulatory projections into the somatosensory cortex are diffused and considered to 
lack the topography that exists in the ascending projections originating from the sensory 
periphery 34,35. In the absence of topography, changes in the presynaptic dopaminergic drive 
might alter the neural function throughout the somatosensory cortex.  Although this could 
be a powerful gain modulation mechanism, it could also impair behavior during partial 
sensory deprivation, like the single row deprivation protocol employed herein.  Therefore, we 
compared the DSP transcriptome across the deprived and 2nd order spared cortical columns. 
Two cortical columns away from the deprived whisker, the DSP transcriptome fully recovered 
to the control levels (Figure 4A-C), and in L4 the transcription was up-regulated (Figure 
4A,C).  Pairwise comparison of the relative gene transcription across layers (Figure 4D) 
showed correlated changes across the laminae suggesting that DSP signaling is regulated 
topographically but independent from columnar identity.  Accordingly, the majority of the 
upregulation in DSP transcription was observed in genes that are co-regulated both in L4 as 
well as L2/3 (Figure 4E).  
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Figure 4. The topography of experience-dependent changes in DSP signaling. Second order neighboring 
cortical columns (A/E) to the deprived C column are compared against the C column. (A-B) DSP signaling is 
transcriptionally potentiated in the second order spared column compared to the deprived column both in L4 and 
L2/3 (p=0.01; Kolmogorov-Smirnov test). Data from Control laminae are shown in Figure 2 and are provided 
for herein for comparison. (C) Comparison of the relative change in gene transcription. Statistically significant 
comparisons are shown. Data from within animal across columns are compared using the paired t-test, data between 
animals is with ANOVA. (D) Comparison of the relative change in gene transcription across cortical laminae for 
each gene.  See Supplemental Tables 8 and 9 for genes that are differentially transcribed in L4 and L2/3 across 
the deprived and second order spared columns. (E) Dopaminergic transcripts whose transcription is altered upon 
whisker deprivation grouped by simplified functional annotations. See Supplemental Table 10 for the laminar 
specificity of the transcriptional regulation for each differentially regulated gene upon whisker deprivation.  Note 
that the intersection of the two rounded rectangles contains transcripts that are regulated by whisker deprivation 
both in L2/3 and L/4.
Discussion
Here we studied the gene transcription involved with dopaminergic signaling and 
showed that experience powerfully regulates the DSP transcription in the granular and 
supragranular layers of the cortex.  The changes observed are driven by sensory deprivation 
as the DSP transcriptome of the 1st order spared whiskers’ cortical columns is statistically 
indistinguishable from the deprived cortical columns’. Partial sensory deprivation does not 
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alter the transcription of the genes in DSP as cortical columns two order away from the 
deprived whisker have DSP transcriptome generally comparable to control animals.  
 Experience and layer dependent regulation of dopaminergic gene transcription contributes 
to complementary aspects of the pre and postsynaptic signaling. Genes whose transcription 
is down-regulated exclusively in L4 upon sensory deprivation (Agtr2, Alk, Arrb2, Flot1 
and Cxcl12) are primarily involved in the regulation of extracellular dopamine availability 
and uptake. Agtr2 is responsible for encoding the angiotensin receptor 2, whose signaling 
is inhibited by dopamine at least in the striatum and substantia nigra 36. As angiotensin 
receptor activation reduces dopaminergic uptake and increases dopamine availability 37, 
its transcriptional downregulation by sensory deprivation is likely to reduce dopamine 
availability in L4. Arrb2 and Flot1 might compensate for the reduction in the dopaminergic 
drive, given their role in the internalization of dopaminergic receptors 38, and localization and 
reverse transport of dopamine 39, respectively. Cxcl12, on the other hand, encodes the SDF-1 
protein that activates the nigrostriatal dopaminergic pathway via GPCR, increases the action 
potential frequency and induces burst firing of DA neurons 40. SDF-1 also positively regulates 
voltage-dependent channels, potassium currents, and neurotransmitter release via calcium 
dependent mechanisms 41. Therefore lack of sensory experience inhibits the dopaminergic 
signaling, localization and transport presynaptically in the principal thalamocortical recipient 
cortical layer.
 Experience-dependent changes in dopaminergic signaling in L2/3 primarily contribute 
to the homeostasis of (postsynaptic) cellular and network excitability. The balance of 
neurotransmitters is crucial in order to maintain the homeostasis. Depending on the 
dopamine-glutamate ratio, Dlg4 controls D1R trafficking at the postsynaptic density 42. This 
gene encodes a kinase family, membrane-associated guanylate kinase (MAGUK), critical 
for co-clustering of NMDA receptors, potassium channels and dopaminergic receptors 43. 
Recruitment of D1R to the membrane is likely to be reduced upon sensory deprivation 
since the down-regulation of Cav2 transcription reduces Caveolin-2 availability 44, which is 
required for synaptic localization of D1R 45.
 Transcriptional suppression of Gabbr1, the gene encoding GABA-B receptor, upon 
sensory deprivation functionally contributes to the homeostatic changes in GABA release, 
which depends on complex interactions between NMDAR and D1R 46,47. Dopamine-dependent 
regulation of inhibitory drive is also subunit dependent 48, as activation of Dopamine receptor 
subunit 4 inhibits GABA release via blockage of L-type Ca2+ channels 49. The dopaminergic 
gating of cellular inhibition might also involve other surface receptors. For example, the 
cannabinoid receptor 1 (CB1), encoded by the gene Cnr1, has been associated with the 
homeostatic regulation of dopaminergic release through the control of inhibitory GABAergic 
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synapses in the PFC 50. The activation of CB1, which is widely expressed in brain regions 
projecting to the NAc, leads to the inhibition of excitatory glutamatergic synapses, not only 
in the NAc 51 but also in the VTA, through interaction with D2R 52. Experience-dependent 
downregulation of Cnr1 might, therefore, correlate with increased excitatory (glutamatergic) 
drive, as D1R transport to the postsynaptic density (due to Dlg4 suppression) and GABA-B 
availability are reduced (after down-regulation of Gabbr1) upon sensory deprivation, 
plausibly increasing the cellular excitability. 
 Experience-dependent dopaminergic regulation of other neurotransmitters’ signaling and 
availability necessarily involves metabolic control of neurotransmitter synthesis and turnover. 
In L2/3, the sensory deprivation reduces the transcription of Comt and Tor1a, which control 
dopamine metabolization and contribute to dopamine clearance 53,54. Dbh encodes dopamine 
beta-hydroxylase, an enzyme that has been associated with the D2 receptor activation, and 
converts dopamine into norepinephrine 55. Considering that the transcription of Chrnb2, 
which encodes a cholinergic nicotinic receptor 56, is   upon sensory deprivation, activity 
dependent changes in dopaminergic signaling might also have regulatory control over other 
neuromodulators.   
 Among the genes commonly found to be down-regulated after sensory deprivation in both 
L2/3 and L4, most of them are associated with receptor trafficking (Dtnbp1, Flna, Gna11, 
Gna13, Gnaq, Gnas), membrane localization (Nat81, Nsf, Palm, Vps35) and the metabolic 
control of neurotransmitter synthesis and turnover (Dtnbp1, Maoa).  Thus sensory experience 
regulates dopaminergic signaling also in a cortical layer independent manner. 
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Supplemental Table 1: List of genes associated with the dopaminergic signaling pathway
MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:2443582 Abat 4-aminobutyrate 
aminotransferase
positive regulation of 
dopamine metabolic 
process
Dopamine metabolism
MGI:2443582 Abat 4-aminobutyrate 
aminotransferase
negative regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:99673 Adcy5 adenylate cyclase 5 adenylate cyclase-
activating dopamine 
receptor signaling pathway
Signal transduction
MGI:99673 Adcy5 adenylate cyclase 5 adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
MGI:87917 Adcy6 adenylate cyclase 6 dopamine receptor 
signaling pathway
Signal transduction
MGI:99402 Adora2a adenosine A2a receptor synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:87937 Adrb1 Adregeneric receptor, 
beta 1
dopamine binding Dopamine binding
MGI:87938 Adrb2 Adregeneric receptor, 
beta 2
dopamine binding Dopamine binding
MGI:87964 Agtr1a angiotensin II receptor, 
type 1a
dopamine biosynthetic 
process
Dopamine metabolism
MGI:87964 Agtr1a angiotensin II receptor, 
type 1a
D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:87966 Agtr2 angiotensin II receptor, 
type 2
dopamine biosynthetic 
process
Dopamine metabolism
MGI:103305 Alk anaplastic lymphoma 
kinase
regulation of dopamine 
receptor signaling pathway
Signal transduction
MGI:99474 Arrb2 arrestin, beta 2 D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:99474 Arrb2 arrestin, beta 2 positive regulation of 
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:88096 Atf4 activating transcription 
factor 4
cellular response to 
dopamine
Signal transduction
MGI:88107 Atp1a3 ATPase, Na+/K+ 
transporting, alpha 3 
polypeptide
D1 dopamine receptor 
binding
Dopamine receptor 
binding
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MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:99400 Atp7a ATPase, Cu++ 
transporting, alpha 
polypeptide
dopamine metabolic 
process
Dopamine metabolism
MGI:1915816 Caly calcyon neuron-
specific vesicular 
protein
dopamine receptor 
signaling pathway
Signal transduction
MGI:107571 Cav2 caveolin 2 D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:107571 Cav2 caveolin 2 positive regulation 
of dopamine receptor 
signaling pathway
Signal transduction
MGI:101765 Cdk5 cyclin-dependent 
kinase 5
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:3606576 Cdnf cerebral dopamine 
neurotrophic factor
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:1858236 Celsr3 cadherin, EGF LAG 
seven-pass G-type 
receptor 3
dopaminergic neuron axon 
guidance
Dopaminergic neuron 
development
MGI:109248 Chrm5 cholinergic receptor, 
muscarinic 5
dopamine transport Dopamine transport & 
uptake
MGI:87888 Chrna4 cholinergic receptor, 
nicotinic, alpha 
polypeptide 4
positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:87888 Chrna4 cholinergic receptor, 
nicotinic, alpha 
polypeptide 4
regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:106213 Chrna6 cholinergic receptor, 
nicotinic, alpha 
polypeptide 6
positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:106213 Chrna6 cholinergic receptor, 
nicotinic, alpha 
polypeptide 6
regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:99779 Chrna7 cholinergic receptor, 
nicotinic, alpha 
polypeptide 7
regulation of synaptic 
transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:87891 Chrnb2 cholinergic receptor, 
nitotinic, beta 
polypeptide 2 
(neuronal)
regulation of dopamine 
metabolic process
Dopamine metabolism
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MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:87891 Chrnb2 cholinergic receptor, 
nicotinic, beta 
polypeptide 2 
(neuronal)
positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:87891 Chrnb2 cholinergic receptor, 
nicotinic, beta 
polypeptide 2 
(neuronal)
positive regulation of 
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:87891 Chrnb2 cholinergic receptor, 
nicotinic, beta 
polypeptide 2 
(neuronal)
regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:87891 Chrnb2 cholinergic receptor, 
nicotinic, beta 
polypeptide 2 
(neuronal)
regulation of synaptic 
transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:88414 ckr chakragati negative regulation 
of dopamine receptor 
signaling pathway
Signal transduction
MGI:2146607 Clic6 chloride intracellular 
channel 6
D2 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:2146607 Clic6 chloride intracellular 
channel 6
D3 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:2146607 Clic6 chloride intracellular 
channel 6
D4 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:104615 Cnr1 cannabinoid receptor 1 
(brain)
negative regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:2183572 Cntnap4 contactin associated 
protein-like 4
regulation of synaptic 
transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:88470 Comt catechol-O-
methyltransferase
dopamine catabolic 
process
Dopamine metabolism
MGI:88470 Comt catechol-O-
methyltransferase
dopamine metabolic 
process
Dopamine metabolism
MGI:88470 Comt catechol-O-
methyltransferase
negative regulation of 
dopamine metabolic 
process
Dopamine metabolism
MGI:88496 Crh corticotropin releasing 
hormone
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:88497 Crhbp corticotropin releasing 
hormone binding 
protein
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
49998 
Activity dependent transcriptional regulation of the dopaminergic signaling in the somatosensory cortex
MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:1355272 Csnk1d casein kinase 1, delta positive regulation of 
Wnt-mediated midbrain 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:88276 Ctnnb1 catenin (cadherin 
associated protein), 
beta 1
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:103556 Cxcl12 chemokine (C-X-C 
motif) ligand 12
positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:103556 Cxcl12 chemokine (C-X-C 
motif) ligand 12
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:1929474 Cyp2d22 cytochrome P450, 
family 2, subfamily d, 
polypeptide 22
dopamine biosynthetic 
process
Dopamine metabolism
MGI:1929474 Cyp2d22 cytochrome P450, 
family 2, subfamily d, 
polypeptide 22
dopamine metabolic 
process
Dopamine metabolism
MGI:94859 Dao D-amino acid oxidase dopamine biosynthetic 
process
Dopamine metabolism
MGI:94861 Das dopamine agonist 
sensitivity
dopamine receptor 
signaling pathway
Signal transduction
MGI:94864 Dbh dopamine beta 
hydroxylase
dopamine beta-
monooxygenase activity
Dopamine metabolism
MGI:94864 Dbh dopamine beta 
hydroxylase
dopamine catabolic 
process
Dopamine metabolism
MGI:94876 Ddc dopa decarboxylase dopamine biosynthetic 
process
Dopamine metabolism
MGI:1329040 Dkk1 dickkopf WNT 
signaling pathway 
inhibitor 1
positive regulation of 
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:1277959 Dlg4 discs large MAGUK 
scaffold protein 4
D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:2653629 Dmrta2 doublesex and mab-3 
related transcription 
factor like family A2
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:1921580 Dnajc14 DnaJ heat shock 
protein family (Hsp40) 
member C14
dopamine receptor binding Dopamine receptor 
binding
MGI:107384 Dnm1 dynamin 1 D2 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:109547 Dnm2 dynamin 2 D2 dopamine receptor 
binding
Dopamine receptor 
binding
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MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:109547 Dnm2 dynamin 2 cellular response to 
dopamine
Signal transduction
MGI:99578 Drd1 dopamine receptor D1 dopamine transport Dopamine transport & 
uptake
MGI:99578 Drd1 dopamine receptor D1 regulation of dopamine 
metabolic process
Dopamine metabolism
MGI:99578 Drd1 dopamine receptor D1 D3 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:99578 Drd1 dopamine receptor D1 dopamine neurotransmitter 
receptor activity
Dopamine receptor 
binding
MGI:99578 Drd1 dopamine receptor D1 dopamine neurotransmitter 
receptor activity, coupled 
via Gs
Dopamine receptor 
binding
MGI:99578 Drd1 dopamine receptor D1 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:99578 Drd1 dopamine receptor D1 adenylate cyclase-
activating dopamine 
receptor signaling pathway
Signal transduction
MGI:99578 Drd1 dopamine receptor D1 cellular response to 
dopamine
Signal transduction
MGI:99578 Drd1 dopamine receptor D1 phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:94924 Drd2 dopamine receptor D2 dopamine metabolic 
process
Dopamine metabolism
MGI:94924 Drd2 dopamine receptor D2 dopamine neurotransmitter 
receptor activity
Dopamine receptor 
binding
MGI:94924 Drd2 dopamine receptor D2 dopamine neurotransmitter 
receptor activity, coupled 
via Gi/Go
Dopamine receptor 
binding
MGI:94924 Drd2 dopamine receptor D2 negative regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:94924 Drd2 dopamine receptor D2 positive regulation of 
dopamine uptake involved 
in synaptic transmission
Dopamine transport & 
uptake
MGI:94924 Drd2 dopamine receptor D2 regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:94924 Drd2 dopamine receptor D2 regulation of dopamine 
uptake involved in 
synaptic transmission
Dopamine transport & 
uptake
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MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:94924 Drd2 dopamine receptor D2 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:94924 Drd2 dopamine receptor D2 adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
MGI:94924 Drd2 dopamine receptor D2 negative regulation 
of dopamine receptor 
signaling pathway
Signal transduction
MGI:94924 Drd2 dopamine receptor D2 phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:94925 Drd3 dopamine receptor D3 D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:94925 Drd3 dopamine receptor D3 dopamine neurotransmitter 
receptor activity
Dopamine receptor 
binding
MGI:94925 Drd3 dopamine receptor D3 dopamine neurotransmitter 
receptor activity, coupled 
via Gi/Go
Dopamine receptor 
binding
MGI:94925 Drd3 dopamine receptor D3 regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:94925 Drd3 dopamine receptor D3 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:94925 Drd3 dopamine receptor D3 adenylate cyclase-
activating dopamine 
receptor signaling pathway
Signal transduction
MGI:94925 Drd3 dopamine receptor D3 adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
MGI:94925 Drd3 dopamine receptor D3 negative regulation 
of dopamine receptor 
signaling pathway
Signal transduction
MGI:94925 Drd3 dopamine receptor D3 positive regulation 
of dopamine receptor 
signaling pathway
Signal transduction
MGI:94926 Drd4 dopamine receptor D4 regulation of dopamine 
metabolic process
Dopamine metabolism
MGI:94926 Drd4 dopamine receptor D4 regulation of dopamine 
metabolic process
Dopamine metabolism
MGI:94926 Drd4 dopamine receptor D4 dopamine neurotransmitter 
receptor activity
Dopamine receptor 
binding
MGI:94926 Drd4 dopamine receptor D4 dopamine neurotransmitter 
receptor activity, coupled 
via Gi/Go
Dopamine receptor 
binding
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MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:94926 Drd4 dopamine receptor D4 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:94926 Drd4 dopamine receptor D4 adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
MGI:94927 Drd5 dopamine receptor D5 dopamine neurotransmitter 
receptor activity
Dopamine receptor 
binding
MGI:94927 Drd5 dopamine receptor D5 dopamine neurotransmitter 
receptor activity, coupled 
via Gs
Dopamine receptor 
binding
MGI:94927 Drd5 dopamine receptor D5 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:94927 Drd5 dopamine receptor D5 adenylate cyclase-
activating dopamine 
receptor signaling pathway
Signal transduction
MGI:94927 Drd5 dopamine receptor D5 phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:2137586 Dtnbp1 dystrobrevin binding 
protein 1
regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:2137586 Dtnbp1 dystrobrevin binding 
protein 1
regulation of dopamine 
receptor signaling pathway
Signal transduction
MGI:108100 Dvl3 dishevelled segment 
polarity protein 3
Wnt signaling pathway 
involved in midbrain 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:95389 En1 engrailed 1 dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:95390 En2 engrailed 2 dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:102805 Entpd1 ectonucleoside 
triphosphate 
diphosphohydrolase 1
negative regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:109169 Epas1 endothelial PAS 
domain protein 1
positive regulation of 
dopamine biosynthetic 
process
Dopamine metabolism
MGI:99604 Fgf8 fibroblast growth 
factor 8
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:95556 Flna filamin, alpha adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
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MGI:1100500 Flot1 flotillin 1 positive regulation of 
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:1347476 Foxa2 forkhead box A2 dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:108476 Fzd3 frizzled class receptor 
3
dopaminergic neuron axon 
guidance
Dopaminergic neuron 
development
MGI:1860139 Gabbr1 gamma-aminobutyric 
acid (GABA) B 
receptor, 1
negative regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:14390 Gabpa GA repeat binding 
protein, alpha
cellular response to 
dopamine
Signal transduction
MGI:95675 Gch1 GTP cyclohydrolase 1 dopamine biosynthetic 
process
Dopamine metabolism
MGI:107430 Gdnf glial cell line derived 
neurotrophic factor
regulation of dopamine 
uptake involved in 
synaptic transmission
Dopamine transport & 
uptake
MGI:95766 Gna11 guanine nucleotide 
binding protein, alpha 
11
phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:95767 Gna12 guanine nucleotide 
binding protein, alpha 
12
D5 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:95768 Gna13 guanine nucleotide 
binding protein, alpha 
13
D5 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:95769 Gna14 guanine nucleotide 
binding protein, alpha 
14
phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:95770 Gna15 guanine nucleotide 
binding protein, alpha 
15
phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:95773 Gnai3 guanine nucleotide 
binding protein 
(G protein), alpha 
inhibiting 3
dopamine receptor 
signaling pathway
Signal transduction
MGI:95774 Gnal guanine nucleotide 
binding protein, alpha 
stimulating, olfactory 
type
adenylate cyclase-
activating dopamine 
receptor signaling pathway
Signal transduction
MGI:95775 Gnao1 guanine nucleotide 
binding protein, alpha 
O
dopamine receptor 
signaling pathway
Signal transduction
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MGI:95776 Gnaq guanine nucleotide 
binding protein, alpha 
q polypeptide
phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:95777 Gnas GNAS (guanine 
nucleotide binding 
protein, alpha 
stimulating) complex 
locus
D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:95777 Gnas GNAS (guanine 
nucleotide binding 
protein, alpha 
stimulating) complex 
locus
adenylate cyclase-
activating dopamine 
receptor signaling pathway
Signal transduction
MGI:101848 Gnb5 guanine nucleotide 
binding protein (G 
protein), beta 5
dopamine receptor 
signaling pathway
Signal transduction
MGI:107193 Gpr143 G protein-coupled 
receptor 143
dopamine binding Dopamine binding
MGI:338346 Gpr21 G protein-coupled 
receptor 21
dopamine neurotransmitter 
receptor activity, coupled 
via Gs
Dopamine receptor 
binding
MGI:1313297 Gpr37 G protein-coupled 
receptor 37
dopamine biosynthetic 
process
Dopamine metabolism
MGI:1313297 Gpr37 G-protein coupled 
receptor 37
positive regulation of 
dopamine metabolic 
process
Dopamine metabolism
MGI:620246 Gpr52 G protein-coupled 
receptor 52
dopamine neurotransmitter 
receptor activity, coupled 
via Gs
Dopamine receptor 
binding
MGI:95820 Grin2a glutamate receptor, 
ionotropic, NMDA2B 
(epsilon 1)
dopamine metabolic 
process
Dopamine metabolism
MGI:95821 Grin2b glutamate receptor, 
ionotropic, NMDA2B 
(epsilon 2)
D2 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:87941 Grk3 G protein-coupled 
receptor kinase 3
D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:1861437 Gsk3b glycogen synthase 
kinase 3 beta
negative regulation of 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:106918 Hif1a hypoxia inducible 
factor 1, alpha subunit
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
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MGI:96217 Hprt hypoxanthine guanine 
phosphoribosyl 
transferase
dopamine metabolic 
process
Dopamine metabolism
MGI:96217 Hprt hypoxanthine guanine 
phosphoribosyl 
transferase
positive regulation of 
dopamine metabolic 
process
Dopamine metabolism
MGI:96273 Htr1a 5-hydroxytryptamine 
(serotonin) receptor 1A
regulation of dopamine 
metabolic process
Dopamine metabolism
MGI:96274 Htr1b 5-hydroxytryptamine 
(serotonin) receptor 1B
regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:109521 Htr2a 5-hydroxytryptamine 
(serotonin) receptor 2A
regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:96281 Htr2c 5-hydroxytryptamine 
(serotonin) receptor 2C
negative regulation of 
dopamine metabolic 
process
Dopamine metabolism
MGI:1196627 Htr6 5-hydroxytryptamine 
(serotonin) receptor 6
positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:99841 Htr7 5-hydroxytryptamine 
(serotonin) receptor 7
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:96067 Htt huntingtin dopamine receptor 
signaling pathway
Signal transduction
MGI:96659 Kcna2 potassium voltage-
gated channel, shaker-
related subfamily, 
member 2
regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:1926803 Kcnq4 potassium voltage-
gated channel, 
subfamily Q, member 
4
negative regulation of 
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:2153049 Klf16 kruppel-like factor 16 dopamine receptor 
signaling pathway
Signal transduction
MGI:1888519 Lmx1a LIM homeobox 
transcription factor 1 
alpha
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:1888519 Lmx1a LIM homeobox 
transcription factor 1 
alpha
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:1888519 Lmx1a LIM homeobox 
transcription factor 1 
alpha
positive regulation of 
Wnt-mediated midbrain 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
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MGI:1100513 Lmx1b LIM homeobox 
transcription factor 
1 beta
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:1298218 Lrp6 low density lipoprotein 
receptor-related 
protein 6
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:1913975 Lrrk2 leucine-rich repeat 
kinase 2
cellular response to 
dopamine
Signal transduction
MGI:1913975 Lrrk2 leucine-rich repeat 
kinase 2
positive regulation 
of dopamine receptor 
signaling pathway
Signal transduction
MGI:1913975 Lrrk2 leucine-rich repeat 
kinase 2
regulation of dopamine 
receptor signaling pathway
Signal transduction
MGI:1922090 Manf mesencephalic 
astrocyte-derived 
neurotrophic factor
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:96915 Maoa monoamine oxidase A dopamine catabolic 
process
Dopamine metabolism
MGI:1346858 Mapk1 mitogen-activated 
protein kinase 1
cellular response to 
dopamine
Signal transduction
MGI:2652894 Mapk15 mitogen-activated 
protein kinase 15
dopamine uptake Dopamine transport & 
uptake
MGI:1346859 Mapk3 mitogen-activated 
protein kinase 3
cellular response to 
dopamine
Signal transduction
MGI:96916 Moab monoamine oxidase B positive regulation of 
dopamine metabolic 
process
Dopamine metabolism
MGI:1921582 Moxd1 monooxygenase, 
DBH-like 1
dopamine beta-
monooxygenase activity
Dopamine metabolism
MGI:1921582 Moxd1 monooxygenase, 
DBH-like 1
dopamine catabolic 
process
Dopamine metabolism
MGI:2388042 Moxd2 monooxygenase, 
DBH-like 2
dopamine beta-
monooxygenase activity
Dopamine metabolism
MGI:2388042 Moxd2 monooxygenase, 
DBH-like 2
dopamine catabolic 
process
Dopamine metabolism
MGI:2447776 Nat8l N-acetyltransferase 
8-like
positive regulation of 
dopamine uptake involved 
in synaptic transmission
Dopamine transport & 
uptake
MGI:3038234 nm3 neurological mutant 3 dopamine metabolic 
process
Dopamine metabolism
MGI:97371 Npr1 natriuretic peptide 
receptor 1
dopamine metabolic 
process
Dopamine metabolism
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MGI:108418 Npy2r neuropeptide Y 
receptor Y2
positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:1352456 Nr4a2 nuclear receptor 
subfamily 4, group A, 
member 2
dopamine biosynthetic 
process
Dopamine metabolism
MGI:1352456 Nr4a2 nuclear receptor 
subfamily 4, group A, 
member 2
dopamine metabolic 
process
Dopamine metabolism
MGI:1352456 Nr4a2 nuclear receptor 
subfamily 4, group A, 
member 2
regulation of dopamine 
metabolic process
Dopamine metabolism
MGI:1352456 Nr4a2 nuclear receptor 
subfamily 4, group A, 
member 2
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:104560 Nsf N-ethylmaleimide 
sensitive fusion protein
D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:10949 Nsg1 neuron specific gene 
family member 1
dopamine receptor 
signaling pathway
Signal transduction
MGI:1202070 Nsg2 neuron specific gene 
family member 2
dopamine receptor 
signaling pathway
Signal transduction
MGI:3030935 Olfr1101 olfactory receptor 1101 dopamine neurotransmitter 
receptor activity, coupled 
via Gi/Go
Dopamine receptor 
binding
MGI:3030935 Olfr1101 olfactory receptor 1101 regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:3030935 Olfr1101 olfactory receptor 1101 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:3030935 Olfr1101 olfactory receptor 1101 adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
MGI:3030935 Olfr1101 olfactory receptor 1101 phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:2659178 Olfr150 olfactory receptor 150 dopamine neurotransmitter 
receptor activity, coupled 
via Gi/Go
Dopamine receptor 
binding
MGI:2659178 Olfr150 olfactory receptor 150 regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:2659178 Olfr150 olfactory receptor 150 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:2659178 Olfr150 olfactory receptor 150 adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
109108 
Chapter 4
MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:2659178 Olfr150 olfactory receptor 150 phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:3030109 Olfr275 olfactory receptor 275 dopamine neurotransmitter 
receptor activity, coupled 
via Gi/Go
Dopamine receptor 
binding
MGI:3030109 Olfr275 olfactory receptor 275 regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:3030109 Olfr275 olfactory receptor 275 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:3030109 Olfr275 olfactory receptor 275 adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
MGI:3030109 Olfr275 olfactory receptor 275 phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:3030517 Olfr683 olfactory receptor 683 dopamine neurotransmitter 
receptor activity, coupled 
via Gi/Go
Dopamine receptor 
binding
MGI:3030517 Olfr683 olfactory receptor 683 regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:3030517 Olfr683 olfactory receptor 683 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:3030517 Olfr683 olfactory receptor 683 adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
MGI:3030517 Olfr683 olfactory receptor 683 phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:3030518 Olfr684 olfactory receptor 684 dopamine neurotransmitter 
receptor activity, coupled 
via Gi/Go
Dopamine receptor 
binding
MGI:3030518 Olfr684 olfactory receptor 684 regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:3030518 Olfr684 olfactory receptor 684 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:3030518 Olfr684 olfactory receptor 684 adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
MGI:3030518 Olfr684 olfactory receptor 684 phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
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MGI:3030753 Olfr919 olfactory receptor 919 dopamine neurotransmitter 
receptor activity, coupled 
via Gi/Go
Dopamine receptor 
binding
MGI:3030753 Olfr919 olfactory receptor 919 regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:3030753 Olfr919 olfactory receptor 919 synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:3030753 Olfr919 olfactory receptor 919 adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
MGI:3030753 Olfr919 olfactory receptor 919 phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:97439 Oprk1 opioid receptor, kappa 
1
positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:97451 Otx2 orthodenticle 
homeobox 2
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:1261814 Palm paralemmin D3 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:1261814 Palm paralemmin negative regulation 
of dopamine receptor 
signaling pathway
Signal transduction
MGI:1355296 Park2 Parkinson disease 
(autosomal recessive, 
juvenile) 2, parkin
dopamine uptake involved 
in synaptic transmission
Dopamine transport & 
uptake
MGI:2135637 Park7 Parkinson disease 
(autosomal recessive, 
early onset) 7
dopamine uptake involved 
in synaptic transmission
Dopamine transport & 
uptake
MGI:2135637 Park7 Parkinson disease 
(autosomal recessive, 
early onset) 7
positive regulation of 
dopamine biosynthetic 
process
Dopamine metabolism
MGI:2135637 Park7 Parkinson disease 
(autosomal recessive, 
early onset) 7
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:97486 Pax2 paired box 2 dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:97489 Pax5 paired box 5 dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:97509 Pcp4 Purkinje cell protein 4 positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:97523 Pde1b phosphodiesterase 
1B, Ca2+- calmodulin 
dependent
regulation of dopamine 
metabolic process
Dopamine metabolism
111110 
Chapter 4
MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:1100882 Phox2b paired-like homeobox 
2b
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:1916193 Pink1 PTEN induced putative 
kinase 1
positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:1916193 Pink1 PTEN induced putative 
kinase 1
positive regulation of 
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:1100498 Pitx3 paired-like 
homeodomain 
transcription factor 3
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:97629 Pmch pro-melanin-
concentrating hormone
negative regulation of 
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:1930773 Pnkd paroxysmal 
nonkinesiogenic 
dyskinesia
regulation of dopamine 
metabolic process
Dopamine metabolism
MGI:1930773 Pnkd paroxysmal 
nonkinesiogenic 
dyskinesia
regulation of synaptic 
transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:94860 Ppp1r1b protein phosphatase 1, 
regulatory (inhibitor) 
subunit 1B
D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:94860 Ppp1r1b protein phosphatase 1, 
regulatory (inhibitor) 
subunit 1B
D2 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:94860 Ppp1r1b protein phosphatase 1, 
regulatory (inhibitor) 
subunit 1B
D3 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:94860 Ppp1r1b protein phosphatase 1, 
regulatory (inhibitor) 
subunit 1B
D4 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:94860 Ppp1r1b protein phosphatase 1, 
regulatory (inhibitor) 
subunit 1B
D5 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:2387581 Ppp1r9b protein phosphatase 1, 
regulatory subunit 9B
D2 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:97596 Prkcb protein kinase C, beta regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:1355296 Prkn parkin RBR E3 
ubiquitin protein ligase
dopamine metabolic 
process
Dopamine metabolism
MGI:1355296 Prkn parkin RBR E3 
ubiquitin protein ligase
dopamine uptake involved 
in synaptic transmission
Dopamine transport & 
uptake
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MGI:1355296 Prkn parkin RBR E3 
ubiquitin protein ligase
regulation of dopamine 
metabolic process
Dopamine metabolism
MGI:1355296 Prkn parkin RBR E3 
ubiquitin protein ligase
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:1351645 Prmt5 protein arginine 
N-methyltransferase 5
positive regulation 
of adenylate cyclase-
inhibiting dopamine 
receptor signaling pathway
Signal transduction
MGI:97793 Ptger1 prostaglandin E 
receptor 1 (subtype 
EP1)
D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:97793 Ptger1 prostaglandin E 
receptor 1 (subtype 
EP1)
adenylate cyclase-
activating dopamine 
receptor signaling pathway
Signal transduction
MGI:97798 Ptgs2 prostaglandin-
endoperoxide synthase 
2
negative regulation of 
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:99511 Ptpn11 protein tyrosine 
phosphatase, non-
receptor type 11
D1 dopamine receptor 
binding
Dopamine receptor 
binding
MGI:1917158 Rab3b RAB3B, member RAS 
oncogene family
positive regulation of 
dopamine uptake involved 
in synaptic transmission
Dopamine transport & 
uptake
MGI:97845 Rac1 Rac family small 
GTPase 1
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:97845 Rac1 Rac family small 
GTPase 1
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:1922391 Rasd2 RASD family, member 
2
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:108409 Rgs4 regulator of G-protein 
signaling 4
negative regulation 
of dopamine receptor 
signaling pathway
Signal transduction
MGI:108408 Rgs8 regulator of G-protein 
signaling 8
regulation of dopamine 
receptor signaling pathway
Signal transduction
MGI:1338824 Rgs9 regulator of G-protein 
signaling 9
dopamine receptor 
signaling pathway
Signal transduction
MGI:1915045 Rnls renalase, FAD-
dependent amine 
oxidase
dopamine metabolic 
process
Dopamine metabolism
MGI:1922667 Rspo2 R-spondin 2 dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:1915835 Rtn4 reticulon 4 positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
113112 
Chapter 4
MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:101766 Ryk receptor-like tyrosine 
kinase
chemorepulsion of 
dopaminergic neuron axon
Dopaminergic neuron 
development
MGI:101766 Ryk receptor-like tyrosine 
kinase
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:892014 Sfrp1 secreted frizzled-
related protein 1
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:892014 Sfrp1 secreted frizzled-
related protein 1
regulation of midbrain 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:108078 Sfrp2 secreted frizzled-
related protein 2
regulation of midbrain 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:98297 Shh sonic hedgehog dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:98297 Shh sonic hedgehog negative regulation of 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:106684 Slc18a1 solute carrier 
family 18 (vesicular 
monoamine), member 
1
positive regulation of 
dopamine secretion
Dopamine secretion & 
synaptic transmission
MGI:108111 Slc22a1 solute carrier family 
22 (organic cation 
transporter), member 1
dopamine transmembrane 
transporter activity
Dopamine transport & 
uptake
MGI:108111 Slc22a1 solute carrier family 
22 (organic cation 
transporter), member 1
dopamine transport Dopamine transport & 
uptake
MGI:1335072 Slc22a2 solute carrier family 
22 (organic cation 
transporter), member 2
dopamine transmembrane 
transporter activity
Dopamine transport & 
uptake
MGI:1335072 Slc22a2 solute carrier family 
22 (organic cation 
transporter), member 2
dopamine transport Dopamine transport & 
uptake
MGI:1333817 Slc22a3 solute carrier family 
22 (organic cation 
transporter), member 3
dopamine transmembrane 
transporter activity
Dopamine transport & 
uptake
MGI:1333817 Slc22a3 solute carrier family 
22 (organic cation 
transporter), member 3
dopamine transport Dopamine transport & 
uptake
MGI:94862 Slc6a3 solute carrier family 
6 (neurotransmitter 
transporter, dopamine), 
member 3
dopamine biosynthetic 
process
Dopamine metabolism
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MGI:94862 Slc6a3 solute carrier family 
6 (neurotransmitter 
transporter, dopamine), 
member 3
dopamine catabolic 
process
Dopamine metabolism
MGI:94862 Slc6a3 solute carrier family 
6 (neurotransmitter 
transporter, dopamine), 
member 3
dopamine transmembrane 
transporter activity
Dopamine transport & 
uptake
MGI:94862 Slc6a3 solute carrier family 
6 (neurotransmitter 
transporter, dopamine), 
member 3
dopamine transport Dopamine transport & 
uptake
MGI:94862 Slc6a3 solute carrier family 
6 (neurotransmitter 
transporter, dopamine), 
member 3
dopamine uptake Dopamine transport & 
uptake
MGI:94862 Slc6a3 solute carrier family 
6 (neurotransmitter 
transporter, dopamine), 
member 3
dopamine uptake involved 
in synaptic transmission
Dopamine transport & 
uptake
MGI:94862 Slc6a3 solute carrier family 
6 (neurotransmitter 
transporter, dopamine), 
member 3
dopamine: sodium 
symporter activity
Dopamine transport & 
uptake
MGI:94862 Slc6a3 solute carrier family 
6 (neurotransmitter 
transporter, dopamine), 
member 3
regulation of dopamine 
metabolic process
Dopamine metabolism
MGI:96285 Slc6a4 solute carrier family 
6 (neurotransmitter 
transporter, serotonin), 
member 4
dopamine uptake involved 
in synaptic transmission
Dopamine transport & 
uptake
MGI:96285 Slc6a4 solute carrier family 
6 (neurotransmitter 
transporter, serotonin), 
member 4
dopamine: sodium 
symporter activity
Dopamine transport & 
uptake
MGI:96285 Slc6a4 solute carrier family 
6 (neurotransmitter 
transporter, serotonin), 
member 4
negative regulation of 
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
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MGI:96285 Slc6a4 solute carrier family 
6 (neurotransmitter 
transporter, serotonin), 
member 4
negative regulation of 
synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:1349482 Slc9a3r1 solute carrier family 
9 (sodium/hydrogen 
exchanger), member 3 
regulator 1
adenylate cyclase-
activating dopamine 
receptor signaling pathway
Signal transduction
MGI:1349482 Slc9a3r1 solute carrier family 
9 (sodium/hydrogen 
exchanger), member 3 
regulator 1
phospholipase 
C-activating dopamine 
receptor signaling pathway
Signal transduction
MGI:1927578 Smpd3 sphingomyelin 
phosphodiesterase 3, 
neutral
dopamine uptake Dopamine transport & 
uptake
MGI:1277151 Snca synuclein, alpha dopamine biosynthetic 
process
Dopamine metabolism
MGI:1277151 Snca synuclein, alpha dopamine metabolic 
process
Dopamine metabolism
MGI:1277151 Snca synuclein, alpha negative regulation of 
dopamine metabolic 
process
Dopamine metabolism
MGI:1277151 Snca synuclein, alpha negative regulation of 
dopamine uptake involved 
in synaptic transmission
Dopamine transport & 
uptake
MGI:1277151 Snca synuclein, alpha regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:1277151 Snca synuclein, alpha synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:1915097 Sncaip synuclein, alpha 
interacting protein 
(synphilin)
dopamine metabolic 
process
Dopamine metabolism
MGI:1889011 Sncb synuclein, beta dopamine metabolic 
process
Dopamine metabolism
MGI:1298397 Sncg synuclein, gamma regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:103078 Spr sepiapterin reductase dopamine metabolic 
process
Dopamine metabolism
MGI:102896 Sult1a1 sulfotransferase family 
1A, phenol-preferring, 
member 1
aryl sulfotransferase 
activity
Dopamine metabolism
MGI:2136282 Sult1b1 sulfotransferase family 
1B, member 1
aryl sulfotransferase 
activity
Dopamine metabolism
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MGI:102928 Sult1c1 sulfotransferase family, 
cytosolic, 1C, member 
1
aryl sulfotransferase 
activity
Dopamine metabolism
MGI:1926341 Sult1d1 sulfotransferase family 
1D, member 1
aryl sulfotransferase 
activity
Dopamine metabolism
MGI:99667 Syt1 synaptotagmin I regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:101759 Syt4 synaptotagmin IV regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:1859545 Syt7 synaptotagmin VII regulation of dopamine 
secretion
Dopamine secretion & 
synaptic transmission
MGI:2148258 Taar1 trace amine-associated 
receptor 1
adenylate cyclase-
activating dopamine 
receptor signaling pathway
Signal transduction
MGI:892968 Tacr3 tachykinin receptor 3 regulation of dopamine 
metabolic process
Dopamine metabolism
MGI:98726 Tgfb2 transforming growth 
factor, beta 2
dopamine biosynthetic 
process
Dopamine metabolism
MGI:98735 Th tyrosine hydroxylase dopamine biosynthetic 
process
Dopamine metabolism
MGI:98735 Th tyrosine hydroxylase synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
MGI:103306 Tiam1 T cell lymphoma 
invasion and 
metastasis 1
regulation of dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:1353568 Tor1a torsin family 1, 
member A (torsin A)
regulation of dopamine 
uptake involved in 
synaptic transmission
Dopamine transport & 
uptake
MGI:98849 Tshr thyroid stimulating 
hormone receptor
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:2135272 Vangl2 VANGL planar cell 
polarity 2
dopaminergic neuron axon 
guidance
Dopaminergic neuron 
development
MGI:103178 Vegfa vascular endothelial 
growth factor A
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:108037 Vegfd vascular endothelial 
growth factor D
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:1890467 Vps35 VPS35 retromer 
complex component
positive regulation of 
dopamine biosynthetic 
process
Dopamine metabolism
MGI:1890467 Vps35 VPS35 retromer 
complex component
D1 dopamine receptor 
binding
Dopamine receptor 
binding
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MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:1890467 Vps35 VPS35 retromer 
complex component
positive regulation 
of dopamine receptor 
signaling pathway
Signal transduction
MGI:98953 Wnt1 wingless-type MMTV 
integration site family, 
member 1
astrocyte-dopaminergic 
neuron signaling
Dopaminergic neuron 
development
MGI:98953 Wnt1 wingless-type MMTV 
integration site family, 
member 1
canonical Wnt signaling 
pathway involved in 
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:98953 Wnt1 wingless-type MMTV 
integration site family, 
member 1
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:98953 Wnt1 wingless-type MMTV 
integration site family, 
member 1
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:98954 Wnt2 wingless-type MMTV 
integration site family, 
member 2
canonical Wnt signaling 
pathway involved in 
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:98954 Wnt2 wingless-type MMTV 
integration site family, 
member 2
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:98955 Wnt3 wingless-type MMTV 
integration site family, 
member 3
canonical Wnt signaling 
pathway involved in 
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:98956 Wnt3a wingless-type MMTV 
integration site family, 
member 3A
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:98956 Wnt3a wingless-type MMTV 
integration site family, 
member 3A
negative regulation of 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:98958 Wnt5a wingless-type MMTV 
integration site family, 
member 5A
chemorepulsion of 
dopaminergic neuron axon
Dopaminergic neuron 
development
MGI:98958 Wnt5a wingless-type MMTV 
integration site family, 
member 5A
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:98958 Wnt5a wingless-type MMTV 
integration site family, 
member 5A
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
4117116 
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MGI Gene/
Marker ID
Gene symbol Gene name Annotated function GoSlim annotation
MGI:98958 Wnt5a wingless-type MMTV 
integration site family, 
member 5A
Wnt signaling pathway 
involved in midbrain 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
MGI:98962 Wnt7b wingless-type MMTV 
integration site family, 
member 7B
chemoattraction of 
dopaminergic neuron axon
Dopaminergic neuron 
development
MGI:1197020 Wnt9b wingless-type MMTV 
integration site family, 
member 9B
midbrain dopaminergic 
neuron differentiation
Dopaminergic neuron 
development
MGI:1197020 Wnt9b wingless-type MMTV 
integration site family, 
member 9B
non-canonical Wnt 
signaling pathway 
involved in midbrain 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
Supplemental Table 2: DSP transcripts that are regulated by experience in Layer 4
Gene Control
Mean
Control
STD
Deprived
Mean
Deprived
STD
Deprived
Control
p Annotation Simplified
Annotation
Abat 12433 1095.79 10442.75 1036.9 0.84 0.02
positive 
regulation 
of dopamine 
metabolic 
process
Dopamine 
metabolism
Adcy5 5218.5 248 4334.5 291.87 0.831 0.02
adenylate 
cyclase-
activating 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Adcy6 3543.75 180.92 3100.75 261.38 0.875 0.02
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Agtr2 9.75 3.3 4.5 1.29 0.5 0.03
dopamine 
biosynthetic 
process
Dopamine 
metabolism
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Mean
Control
STD
Deprived
Mean
Deprived
STD
Deprived
Control
p Annotation Simplified
Annotation
Alk 320 35.29 239.75 18.7 0.75 0.02
regulation 
of dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Arrb2 1449.25 103.29 1230 70.58 0.849 0.04
D1 dopamine 
receptor 
binding
Dopamine 
receptor 
binding
Caly 3604.25 222.67 3064.75 79.97 0.85 0.02
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Cdk5 4638.75 171.48 3795.5 163.66 0.818 0.02
synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Celsr3 6461.5 712 4975.5 209.38 0.77 0.02
dopaminergic 
neuron axon 
guidance
Dopaminergic 
neuron 
development
Chrna7 501.75 35.47 408 73.11 0.813 0.04
regulation 
of synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Csnk1d 7071 641.07 6028.75 345.17 0.853 0.02
positive 
regulation of 
Wnt-mediated 
midbrain 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Cxcl12 1696.25 257.92 1318.5 181.48 0.778 0.02
positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Ddc 233.25 33.23 131.25 20.69 0.562 0.02
dopamine 
biosynthetic 
process
Dopamine 
metabolism
Dmrta2 259.75 17.04 218.75 22.74 0.842 0.02
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
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Mean
Control
STD
Deprived
Mean
Deprived
STD
Deprived
Control
p Annotation Simplified
Annotation
Dnajc14 2218.25 148.53 1913.75 151.05 0.863 0.04
dopamine 
receptor 
binding
Dopamine 
receptor 
binding
Dnm1 75977 2516.02 66992.5 3443.36 0.882 0.02
D2 dopamine 
receptor 
binding
Dopamine 
receptor 
binding
Dnm2 2758.5 169.83 2336.25 134.11 0.847 0.02
D2 dopamine 
receptor 
binding
Dopamine 
receptor 
binding
Dtnbp1 2176.5 212.64 1910.5 114.78 0.878 0.04
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Dvl3 4069.5 185.76 3721 257.16 0.914 0.04
Wnt signaling 
pathway 
involved in 
midbrain 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Epas1 7541.75 603.01 5910 371.05 0.784 0.02
positive 
regulation 
of dopamine 
biosynthetic 
process
Dopamine 
metabolism
Flna 3484.5 284.75 2806.25 178.2 0.805 0.02
adenylate 
cyclase-
inhibiting 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Flot1 3960.25 242.13 3595.25 156.29 0.908 0.04
positive 
regulation 
of synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
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Control
STD
Deprived
Mean
Deprived
STD
Deprived
Control
p Annotation Simplified
Annotation
Gna11 6642 251.42 5669 388.3 0.854 0.02
phospholipase 
C-activating 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Gna13 2530.75 336.83 2076.75 240.74 0.821 0.04
D5 dopamine 
receptor 
binding
Dopamine 
receptor 
binding
Gnao1 35292.25 1266.72 30041.75 2072.49 0.851 0.02
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Gnaq 14442.5 544.48 12844.5 1185.72 0.889 0.04
phospholipase 
C-activating 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Gnas 57953 1476.13 50840.75 2235.83 0.877 0.02
D1 dopamine 
receptor 
binding
Dopamine 
receptor 
binding
Gsk3b 13640.25 685.19 11525.5 892.5 0.845 0.02
negative 
regulation of 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Hprt 4631.75 175.63 3833.75 178.08 0.828 0.02
dopamine 
metabolic 
process
Dopamine 
metabolism
Htr1b 31.25 12.31 63.25 13.94 2.032 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Htr2a 880.25 24.76 718.5 124.74 0.817 0.04
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
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Gene Control
Mean
Control
STD
Deprived
Mean
Deprived
STD
Deprived
Control
p Annotation Simplified
Annotation
Htt 10600.5 769.97 8861 809.49 0.836 0.04
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Kcna2 22898.5 2076.99 17503.25 800.84 0.764 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Lrp6 2627.25 141.69 2185.5 283.93 0.832 0.04
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Maoa 983.5 114.09 749.25 53.07 0.761 0.02
dopamine 
catabolic 
process
Dopamine 
metabolism
Mapk1 27162.25 1101.66 22163.25 2199.38 0.816 0.02
cellular 
response to 
dopamine
Signal 
transduction
Nat8l 35366.25 1116.27 27845.5 2296.42 0.787 0.02
positive 
regulation 
of dopamine 
uptake 
involved 
in synaptic 
transmission
Dopamine 
transport & 
uptake
Nsf 38488 1763.08 33046.25 1893.91 0.859 0.02
D1 dopamine 
receptor 
binding
Dopamine 
receptor 
binding
Nsg1 10867.75 344.4 9548.5 733.47 0.879 0.04
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Palm 12423.25 830.14 10411.25 1001.45 0.838 0.04
D3 dopamine 
receptor 
binding
Dopamine 
receptor 
binding
Park7 3315.75 230.39 2756.25 136.29 0.831 0.02
dopamine 
uptake 
involved 
in synaptic 
transmission
Dopamine 
transport & 
uptake
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Control
STD
Deprived
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Deprived
STD
Deprived
Control
p Annotation Simplified
Annotation
Pde1b 6781.5 229.49 5617.75 245.81 0.828 0.02
regulation 
of dopamine 
metabolic 
process
Dopamine 
metabolism
Pink1 17597.25 746.22 14907 690.59 0.847 0.02
positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Pnkd 6712.75 436.05 5775.25 295.54 0.86 0.02
regulation 
of dopamine 
metabolic 
process
Dopamine 
metabolism
Ppp1r1b 5428.5 498.36 4564.5 597.89 0.841 0.02
D1 dopamine 
receptor 
binding
Dopamine 
receptor 
binding
Prkcb 64249 4046.23 51872.25 5531.43 0.807 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Prmt5 2578.25 221.79 2082 79.53 0.808 0.02
positive 
regulation 
of adenylate 
cyclase-
inhibiting 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Ptpn11 8409.75 86.45 7068.75 359.35 0.841 0.02
D1 dopamine 
receptor 
binding
Dopamine 
receptor 
binding
Rac1 11389 536.09 10066.25 603.72 0.884 0.04
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Rspo2 38 24.26 76.5 8.58 2.026 0.03
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Rtn4 38429.5 1689.54 32169.75 1857.11 0.837 0.02
positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
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Activity dependent transcriptional regulation of the dopaminergic signaling in the somatosensory cortex
Gene Control
Mean
Control
STD
Deprived
Mean
Deprived
STD
Deprived
Control
p Annotation Simplified
Annotation
Smpd3 5774 626.83 4422.75 221.47 0.766 0.02
dopamine 
uptake
Dopamine 
transport & 
uptake
Sncb 22496.25 1523.84 19760.25 1182.76 0.878 0.04
dopamine 
metabolic 
process
Dopamine 
metabolism
Sncg 11.25 4.27 4.75 3.3 0.455 0.04
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Sult1a1 395 122.53 233 42.34 0.59 0.02
aryl 
sulfotransferase 
activity
Dopamine 
metabolism
Syt1 67977.25 1926.07 56713 3979.46 0.834 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Syt7 10836.5 782.01 8804.5 1103.29 0.812 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Tgfb2 294.25 18.25 242.5 29.56 0.827 0.04
dopamine 
biosynthetic 
process
Dopamine 
metabolism
Tiam1 7834.5 764.03 5727.25 350.66 0.731 0.02
regulation of 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Vps35 6385.5 300.69 5463 479.09 0.855 0.04
positive 
regulation 
of dopamine 
biosynthetic 
process
Dopamine 
metabolism
Wnt2 106.5 40.17 233.25 41.96 2.178 0.02
canonical 
Wnt signaling 
pathway 
involved in 
midbrain 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
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Supplemental Table 3: DSP transcripts that are regulated by experience in Layer 2/3
Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/
Control
p Annotation Simplified 
Annotation
Abat 14048 1370.6 11111.5 200.03 0.791 0.02
positive 
regulation 
of dopamine 
metabolic process
Dopamine 
metabolism
Adcy5 5697.75 506.31 4698.25 228.1 0.824 0.02
adenylate 
cyclase-activating 
dopamine 
receptor signaling 
pathway
Signal 
transduction
Adora2a 116 2.58 94.25 3.1 0.81 0.02
synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Atf4 6979.5 290.96 5338.5 454.79 0.765 0.02
cellular response 
to dopamine
Signal 
transduction
Atp1a3 98113.5 6894.87 82678.75 5509.73 0.843 0.04
D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Atp7a 494.25 79.67 371.75 28.11 0.753 0.04
dopamine 
metabolic process
Dopamine 
metabolism
Caly 4480.5 469.23 3556.75 370.87 0.794 0.04
dopamine 
receptor signaling 
pathway
Signal 
transduction
Cav2 1474 119.27 1269 60.39 0.861 0.02
D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Cdk5 4294.25 326.36 3384 306.92 0.788 0.02
synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Cdnf 75.25 25.24 32.5 7.85 0.44 0.02
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Chrna4 904.75 78.86 678.25 32.67 0.749 0.02
positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Chrna7 684.5 109.99 568.75 42.17 0.831 0.04
regulation 
of synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/
Control
p Annotation Simplified 
Annotation
Chrnb2 1958 181.14 1572.75 155.48 0.803 0.04
regulation 
of dopamine 
metabolic process
Dopamine 
metabolism
Cnr1 9583.5 1513.18 7764.75 295.14 0.81 0.02
negative 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Cntnap4 390.75 16.46 335.75 49.4 0.859 0.03
regulation 
of synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Comt 2866 146.11 2540.75 175.25 0.887 0.04
dopamine 
catabolic process
Dopamine 
metabolism
Crhbp 726.75 82.79 548.5 115.36 0.755 0.02
synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Csnk1d 7401.25 131.68 6445.25 540.97 0.871 0.02
positive 
regulation of 
Wnt-mediated 
midbrain 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Ctnnb1 21394.75 982.6 16776.75 342.75 0.784 0.02
midbrain 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Cyp2d22 1286.5 140.41 1013.75 34.99 0.788 0.02
dopamine 
biosynthetic 
process
Dopamine 
metabolism
Dbh 32.25 10.75 13.5 5.2 0.438 0.04
dopamine beta-
monooxygenase 
activity
Dopamine 
metabolism
Ddc 126.5 26.79 64.25 16.68 0.504 0.02
dopamine 
biosynthetic 
process
Dopamine 
metabolism
Dlg4 73298.25 6629.59 61278 2536.78 0.836 0.04
D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Dnajc14 2398.75 152.35 1945.25 78.99 0.811 0.02
dopamine 
receptor binding
Dopamine 
receptor 
binding
127126 
Chapter 4
Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/
Control
p Annotation Simplified 
Annotation
Dnm1 70790.5 5579.07 59844 4894.96 0.845 0.04
D2 dopamine 
receptor binding
Dopamine 
receptor 
binding
Dnm2 2708 257.28 2259.75 106 0.835 0.02
D2 dopamine 
receptor binding
Dopamine 
receptor 
binding
Drd4 77 15.14 35.25 10.63 0.455 0.02
regulation 
of dopamine 
metabolic process
Dopamine 
metabolism
Dtnbp1 1902.5 136.33 1599 76.67 0.84 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Dvl3 4338.5 309.53 3665.25 243.52 0.845 0.02
Wnt signaling 
pathway involved 
in midbrain 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Epas1 9253 1171.95 6847 421.41 0.74 0.02
positive 
regulation 
of dopamine 
biosynthetic 
process
Dopamine 
metabolism
Flna 3934.75 208.69 3268.75 248.78 0.831 0.02
adenylate 
cyclase-inhibiting 
dopamine 
receptor signaling 
pathway
Signal 
transduction
Fzd3 9806.75 449.27 7209 720.46 0.735 0.02
dopaminergic 
neuron axon 
guidance
Dopaminergic 
neuron 
development
Gabbr1 35228 2720.57 29889.5 1780.02 0.848 0.04
negative 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Gabpa 1005.5 38.93 856.25 77.21 0.851 0.02
cellular response 
to dopamine
Signal 
transduction
Gna11 7650.5 417.09 6249.75 348.2 0.817 0.02
phospholipase 
C-activating 
dopamine 
receptor signaling 
pathway
Signal 
transduction
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/
Control
p Annotation Simplified 
Annotation
Gna12 2723.25 123.14 2447.5 60.39 0.899 0.02
D5 dopamine 
receptor binding
Dopamine 
receptor 
binding
Gna13 3318.5 140.12 2484.25 147.92 0.748 0.02
D5 dopamine 
receptor binding
Dopamine 
receptor 
binding
Gnai3 1626.75 77.27 1364.5 98.49 0.839 0.02
dopamine 
receptor signaling 
pathway
Signal 
transduction
Gnal 6584.25 439.54 5319.5 162.67 0.808 0.02
adenylate 
cyclase-activating 
dopamine 
receptor signaling 
pathway
Signal 
transduction
Gnao1 39903.5 1913.77 33228 1647.21 0.833 0.02
dopamine 
receptor signaling 
pathway
Signal 
transduction
Gnaq 15059.75 417.32 12561.25 472.6 0.834 0.02
phospholipase 
C-activating 
dopamine 
receptor signaling 
pathway
Signal 
transduction
Gnas 55141 2431.46 45711.25 3836.78 0.829 0.02
D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Gpr21 137 18.74 102.25 15.52 0.745 0.04
dopamine 
neurotransmitter 
receptor activity, 
coupled via Gs
Dopamine 
receptor 
binding
Grin2a 2141.5 254.5 1598 271.14 0.746 0.02
dopamine 
metabolic process
Dopamine 
metabolism
Gsk3b 13804.75 511.38 11186.25 550.29 0.81 0.02
negative 
regulation of 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Hif1a 4100 192.05 3248.5 131.68 0.792 0.02
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Hprt 3658.25 154.6 2939 232.57 0.803 0.02
dopamine 
metabolic process
Dopamine 
metabolism
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/
Control
p Annotation Simplified 
Annotation
Htr2a 547.75 52.73 406.25 35.37 0.741 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Htr7 718.25 119.21 520.75 72.69 0.726 0.04
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Htt 10536.75 784.17 8448 618.94 0.802 0.02
dopamine 
receptor signaling 
pathway
Signal 
transduction
Kcna2 14800.25 1494.72 10777 1233.92 0.728 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Kcnq4 404.25 27.1 351.5 18.21 0.871 0.02
negative 
regulation 
of synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Klf16 3725 204.22 3189.25 201.71 0.856 0.02
dopamine 
receptor signaling 
pathway
Signal 
transduction
Lrp6 2999.5 289.89 2223.5 87.75 0.741 0.02
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Maoa 1189 131.31 834 90.4 0.701 0.02
dopamine 
catabolic process
Dopamine 
metabolism
Mapk1 33835.25 1492.65 26602.75 1147.62 0.786 0.02
cellular response 
to dopamine
Signal 
transduction
Nat8l 26036.5 1736.46 20632 2486.03 0.792 0.02
positive 
regulation 
of dopamine 
uptake involved 
in synaptic 
transmission
Dopamine 
transport & 
uptake
Npr1 198 28.2 124 16.57 0.626 0.02
dopamine 
metabolic process
Dopamine 
metabolism
Nr4a2 1562.5 274.06 1176 158.16 0.752 0.04
dopamine 
biosynthetic 
process
Dopamine 
metabolism
Nsf 33947 1752.59 27791.5 2195.9 0.819 0.02
D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/
Control
p Annotation Simplified 
Annotation
Nsg1 11183.5 446.17 9139.25 711.3 0.817 0.02
dopamine 
receptor signaling 
pathway
Signal 
transduction
Nsg2 28109.25 1875.37 23648.25 1628.51 0.841 0.04
dopamine 
receptor signaling 
pathway
Signal 
transduction
Palm 14897.75 1416.72 12113.5 472.56 0.813 0.02
D3 dopamine 
receptor binding
Dopamine 
receptor 
binding
Park2 248.75 24.1 183.75 26.69 0.739 0.02
dopamine 
uptake involved 
in synaptic 
transmission
Dopamine 
transport & 
uptake
Park7 3064.25 182.54 2519 203.96 0.822 0.02
dopamine 
uptake involved 
in synaptic 
transmission
Dopamine 
transport & 
uptake
Pcp4 794.5 69.29 605.5 48.56 0.762 0.02
positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Pde1b 6529.75 459.47 5072.75 403.99 0.777 0.02
regulation 
of dopamine 
metabolic process
Dopamine 
metabolism
Pink1 15524.25 1066.31 12763 950.4 0.822 0.04
positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Pnkd 5530.25 296.03 4386 532.24 0.793 0.02
regulation 
of dopamine 
metabolic process
Dopamine 
metabolism
Ppp1r1b 4550.75 674.32 3184.5 548.64 0.7 0.04
D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Ppp1r9b 69927.5 8336.48 58363.5 1635.93 0.835 0.04
D2 dopamine 
receptor binding
Dopamine 
receptor 
binding
Prkcb 72420 5020.88 56077.25 3467.21 0.774 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/
Control
p Annotation Simplified 
Annotation
Prmt5 2468.75 90.65 2000 137.33 0.81 0.02
positive 
regulation 
of adenylate 
cyclase-inhibiting 
dopamine 
receptor signaling 
pathway
Signal 
transduction
Ptger1 1399 85.31 1152.25 98.11 0.823 0.02
D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Ptpn11 8402.75 437.66 6726.5 508.84 0.801 0.02
D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Rac1 11543.75 389.59 9651 560.43 0.836 0.02
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Rgs4 40472.75 1986.12 34026.75 2529.18 0.841 0.02
negative 
regulation 
of dopamine 
receptor signaling 
pathway
Signal 
transduction
Rgs9 559.75 69.43 434 40.9 0.775 0.02
dopamine 
receptor signaling 
pathway
Signal 
transduction
Rnls 104.25 18.19 71.75 13.3 0.692 0.04
dopamine 
metabolic process
Dopamine 
metabolism
Rtn4 32643.75 1217.76 26323.25 1945.21 0.806 0.02
positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Ryk 1665.5 110.3 1439.5 75.24 0.864 0.04
chemorepulsion 
of dopaminergic 
neuron axon
Dopaminergic 
neuron 
development
Sfrp1 373 103 225.75 9.46 0.606 0.02
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Slc9a3r1 4458.5 398.41 3381.5 132.47 0.758 0.02
adenylate 
cyclase-activating 
dopamine 
receptor signaling 
pathway
Signal 
transduction
4131130 
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/
Control
p Annotation Simplified 
Annotation
Smpd3 5213.75 493.18 4198 235.91 0.805 0.02 dopamine uptake
Dopamine 
transport & 
uptake
Snca 6810.75 219.53 5668.75 178.99 0.832 0.02
dopamine 
biosynthetic 
process
Dopamine 
metabolism
Sncb 15001.75 1032.45 12581.75 1335.77 0.839 0.04
dopamine 
metabolic process
Dopamine 
metabolism
Spr 974.5 64.61 817 60.93 0.838 0.04
dopamine 
metabolic process
Dopamine 
metabolism
Syt1 61941.25 2857.81 50143.75 3910.56 0.81 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Syt4 9435 648.68 7541 459.7 0.799 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Syt7 18260.75 1767.65 14025 940.19 0.768 0.02
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Tgfb2 459 25.34 365.5 39.43 0.797 0.02
dopamine 
biosynthetic 
process
Dopamine 
metabolism
Tiam1 4828.75 414.08 3832.25 116.39 0.794 0.02
regulation of 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Tor1a 1233.5 42.77 1009.5 92.45 0.818 0.02
regulation 
of dopamine 
uptake involved 
in synaptic 
transmission
Dopamine 
transport & 
uptake
Vangl2 408.75 67.53 301.25 25.32 0.736 0.04
dopaminergic 
neuron axon 
guidance
Dopaminergic 
neuron 
development
Vegfa 4070 71.03 3515 329.03 0.864 0.02
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/
Control
p Annotation Simplified 
Annotation
Vps35 7012 256.77 5859.25 269.42 0.836 0.02
positive 
regulation 
of dopamine 
biosynthetic 
process
Dopamine 
metabolism
Wnt7b 840.75 51.8 692 42.79 0.823 0.02
chemoattraction 
of dopaminergic 
neuron axon
Dopaminergic 
neuron 
development
Supplemental Table 4: Laminar distribution of genes whose transcript is regulated experience 
Gene Laminae Annotation Simplified Annotation
Abat Both positive regulation of dopamine metabolic process Dopamine metabolism
Ddc Both dopamine biosynthetic process Dopamine metabolism
Epas1 Both positive regulation of dopamine biosynthetic process Dopamine metabolism
Hprt Both dopamine metabolic process Dopamine metabolism
Maoa Both dopamine catabolic process Dopamine metabolism
Pde1b Both regulation of dopamine metabolic process Dopamine metabolism
Pnkd Both regulation of dopamine metabolic process Dopamine metabolism
Sncb Both dopamine metabolic process Dopamine metabolism
Tgfb2 Both dopamine biosynthetic process Dopamine metabolism
Vps35 Both positive regulation of dopamine biosynthetic process Dopamine metabolism
Atp7a L2/3 only dopamine metabolic process Dopamine metabolism
Chrnb2 L2/3 only regulation of dopamine metabolic process Dopamine metabolism
Comt L2/3 only dopamine catabolic process Dopamine metabolism
Cyp2d22 L2/3 only dopamine biosynthetic process Dopamine metabolism
Dbh L2/3 only dopamine beta-monooxygenase activity Dopamine metabolism
Drd4 L2/3 only regulation of dopamine metabolic process Dopamine metabolism
Grin2a L2/3 only dopamine metabolic process Dopamine metabolism
Npr1 L2/3 only dopamine metabolic process Dopamine metabolism
Nr4a2 L2/3 only dopamine biosynthetic process Dopamine metabolism
Rnls L2/3 only dopamine metabolic process Dopamine metabolism
Snca L2/3 only dopamine biosynthetic process Dopamine metabolism
Spr L2/3 only dopamine metabolic process Dopamine metabolism
Agtr2 L4 only dopamine biosynthetic process Dopamine metabolism
4133132 
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Gene Laminae Annotation Simplified Annotation
Sult1a1 L4 only aryl sulfotransferase activity Dopamine metabolism
Dnajc14 Both dopamine receptor binding Dopamine receptor binding
Dnm1 Both D2 dopamine receptor binding Dopamine receptor binding
Dnm2 Both D2 dopamine receptor binding Dopamine receptor binding
Gna13 Both D5 dopamine receptor binding Dopamine receptor binding
Gnas Both D1 dopamine receptor binding Dopamine receptor binding
Nsf Both D1 dopamine receptor binding Dopamine receptor binding
Palm Both D3 dopamine receptor binding Dopamine receptor binding
Ppp1r1b Both D1 dopamine receptor binding Dopamine receptor binding
Ptpn11 Both D1 dopamine receptor binding Dopamine receptor binding
Atp1a3 L2/3 only D1 dopamine receptor binding Dopamine receptor binding
Cav2 L2/3 only D1 dopamine receptor binding Dopamine receptor binding
Dlg4 L2/3 only D1 dopamine receptor binding Dopamine receptor binding
Gna12 L2/3 only D5 dopamine receptor binding Dopamine receptor binding
Gpr21 L2/3 only dopamine neurotransmitter receptor activity, coupled 
via Gs
Dopamine receptor binding
Ppp1r9b L2/3 only D2 dopamine receptor binding Dopamine receptor binding
Ptger1 L2/3 only D1 dopamine receptor binding Dopamine receptor binding
Arrb2 L4 only D1 dopamine receptor binding Dopamine receptor binding
Cdk5 Both synaptic transmission, dopaminergic Dopamine secretion & 
synaptic transmission
Chrna7 Both regulation of synaptic transmission, dopaminergic Dopamine secretion & 
synaptic transmission
Dtnbp1 Both regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Htr2a Both regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Kcna2 Both regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Pink1 Both positive regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Prkcb Both regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Rtn4 Both positive regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Syt1 Both regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
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Gene Laminae Annotation Simplified Annotation
Syt7 Both regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Adora2a L2/3 only synaptic transmission, dopaminergic Dopamine secretion & 
synaptic transmission
Chrna4 L2/3 only positive regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Cnr1 L2/3 only negative regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Cntnap4 L2/3 only regulation of synaptic transmission, dopaminergic Dopamine secretion & 
synaptic transmission
Crhbp L2/3 only synaptic transmission, dopaminergic Dopamine secretion & 
synaptic transmission
Gabbr1 L2/3 only negative regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Kcnq4 L2/3 only negative regulation of synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
Pcp4 L2/3 only positive regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Syt4 L2/3 only regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Cxcl12 L4 only positive regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Flot1 L4 only positive regulation of synaptic transmission, 
dopaminergic
Dopamine secretion & 
synaptic transmission
Htr1b L4 only regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Sncg L4 only regulation of dopamine secretion Dopamine secretion & 
synaptic transmission
Nat8l Both positive regulation of dopamine uptake involved in 
synaptic transmission
Dopamine transport & uptake
Park7 Both dopamine uptake involved in synaptic transmission Dopamine transport & uptake
Smpd3 Both dopamine uptake Dopamine transport & uptake
Park2 L2/3 only dopamine uptake involved in synaptic transmission Dopamine transport & uptake
Tor1a L2/3 only regulation of dopamine uptake involved in synaptic 
transmission
Dopamine transport & uptake
Csnk1d Both positive regulation of Wnt-mediated midbrain 
dopaminergic neuron differentiation
Dopaminergic neuron 
development
Dvl3 Both Wnt signaling pathway involved in midbrain 
dopaminergic neuron differentiation
Dopaminergic neuron 
development
4135134 
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Gene Laminae Annotation Simplified Annotation
Gsk3b Both negative regulation of dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
Lrp6 Both dopaminergic neuron differentiation Dopaminergic neuron 
development
Rac1 Both dopaminergic neuron differentiation Dopaminergic neuron 
development
Tiam1 Both regulation of dopaminergic neuron differentiation Dopaminergic neuron 
development
Cdnf L2/3 only dopaminergic neuron differentiation Dopaminergic neuron 
development
Ctnnb1 L2/3 only midbrain dopaminergic neuron differentiation Dopaminergic neuron 
development
Fzd3 L2/3 only dopaminergic neuron axon guidance Dopaminergic neuron 
development
Hif1a L2/3 only dopaminergic neuron differentiation Dopaminergic neuron 
development
Htr7 L2/3 only dopaminergic neuron differentiation Dopaminergic neuron 
development
Ryk L2/3 only chemorepulsion of dopaminergic neuron axon Dopaminergic neuron 
development
Sfrp1 L2/3 only dopaminergic neuron differentiation Dopaminergic neuron 
development
Vangl2 L2/3 only dopaminergic neuron axon guidance Dopaminergic neuron 
development
Vegfa L2/3 only dopaminergic neuron differentiation Dopaminergic neuron 
development
Wnt7b L2/3 only chemoattraction of dopaminergic neuron axon Dopaminergic neuron 
development
Celsr3 L4 only dopaminergic neuron axon guidance Dopaminergic neuron 
development
Dmrta2 L4 only dopaminergic neuron differentiation Dopaminergic neuron 
development
Rspo2 L4 only dopaminergic neuron differentiation Dopaminergic neuron 
development
Wnt2 L4 only canonical Wnt signaling pathway involved in midbrain 
dopaminergic neuron differentiation
Dopaminergic neuron 
development
Adcy5 Both adenylate cyclase-activating dopamine receptor 
signaling pathway
Signal transduction
Caly Both dopamine receptor signaling pathway Signal transduction
137136 
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Gene Laminae Annotation Simplified Annotation
Flna Both adenylate cyclase-inhibiting dopamine receptor 
signaling pathway
Signal transduction
Gna11 Both phospholipase C-activating dopamine receptor 
signaling pathway
Signal transduction
Gnao1 Both dopamine receptor signaling pathway Signal transduction
Gnaq Both phospholipase C-activating dopamine receptor 
signaling pathway
Signal transduction
Htt Both dopamine receptor signaling pathway Signal transduction
Mapk1 Both cellular response to dopamine Signal transduction
Nsg1 Both dopamine receptor signaling pathway Signal transduction
Prmt5 Both positive regulation of adenylate cyclase-inhibiting 
dopamine receptor signaling pathway
Signal transduction
Atf4 L2/3 only cellular response to dopamine Signal transduction
Gabpa L2/3 only cellular response to dopamine Signal transduction
Gnai3 L2/3 only dopamine receptor signaling pathway Signal transduction
Gnal L2/3 only adenylate cyclase-activating dopamine receptor 
signaling pathway
Signal transduction
Klf16 L2/3 only dopamine receptor signaling pathway Signal transduction
Nsg2 L2/3 only dopamine receptor signaling pathway Signal transduction
Rgs4 L2/3 only negative regulation of dopamine receptor signaling 
pathway
Signal transduction
Rgs9 L2/3 only dopamine receptor signaling pathway Signal transduction
Slc9a3r1 L2/3 only adenylate cyclase-activating dopamine receptor 
signaling pathway
Signal transduction
Adcy6 L4 only dopamine receptor signaling pathway Signal transduction
Alk L4 only regulation of dopamine receptor signaling pathway Signal transduction
 
4137136 
Activity dependent transcriptional regulation of the dopaminergic signaling in the somatosensory cortex
Supplemental Table 5: DSP transcripts that are differentially transcribed across the deprived and first order 
spared Layer 4
Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Agtr2 14 3.83 4.5 1.29 0.357 0.02 dopamine 
biosynthetic 
process
Dopamine 
metabolism
Gna15 71.25 4.65 86.75 8.77 1.225 0.04 phospholipase 
C-activating 
dopamine 
receptor signaling 
pathway
Signal 
transduction
Gpr37 900.25 146.55 1105 73.41 1.228 0.04 dopamine 
biosynthetic 
process
Dopamine 
metabolism
Mapk3 2156.75 263.46 2665.75 365.64 1.236 0.04 cellular response 
to dopamine
Signal 
transduction
Npy2r 84 16.37 118.25 15.92 1.405 0.02 positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Shh 161.75 13.1 200.5 39.24 1.241 0.04 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Slc22a2 2.25 1.5 0 0 0 0.04 dopamine 
transmembrane 
transporter 
activity
Dopamine 
transport & 
uptake
Wnt3 59.25 9.07 75.5 2.38 1.288 0.02 canonical 
Wnt signaling 
pathway involved 
in midbrain 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
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Supplemental Table 6: DSP transcripts that are differentially transcribed across the deprived and first order 
spared Layer 2/3
Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Alk 555.75 31.72 497 28.21 0.894 0.04 regulation of 
dopamine receptor 
signaling pathway
Signal 
transduction
Dmrta2 319 22.35 282 14.49 0.884 0.04 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Shh 96.75 7.63 114.5 11 1.186 0.04 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Wnt7b 785 51.46 692 42.79 0.882 0.04 chemoattraction 
of dopaminergic 
neuron axon
Dopaminergic 
neuron 
development
Supplemental Table 7: Laminar distribution of transcripts that are differentially transcribed across the 
deprived and first order spared columns, organized by function
Gene Laminae Annotation Simplified Annotation
Alk L2/3 only regulation of dopamine receptor 
signaling pathway
Signal transduction
Dmrta2 L2/3 only dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
Shh Both dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
Wnt7b L2/3 only chemoattraction of dopaminergic 
neuron axon
Dopaminergic neuron 
development
Agtr2 L4 only dopamine biosynthetic process Dopamine metabolism
Gna15 L4 only phospholipase C-activating 
dopamine receptor signaling 
pathway
Signal transduction
Gpr37 L4 only dopamine biosynthetic process Dopamine metabolism
Mapk3 L4 only cellular response to dopamine Signal transduction
Npy2r L4 only positive regulation of dopamine 
secretion
Dopamine secretion & synaptic 
transmission
Slc22a2 L4 only dopamine transmembrane 
transporter activity
Dopamine transport & uptake
4139138 
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Wnt3 L4 only canonical Wnt signaling 
pathway involved in midbrain 
dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
Supplemental Table 8: DSP transcripts that are differentially transcribed across the deprived and second 
order spared Layer 2/3
Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Abat 12972.5 574.87 10442.75 1036.9 0.805 0.02 positive 
regulation 
of dopamine 
metabolic 
process
Dopamine 
metabolism
Adcy5 5609.25 330.53 4334.5 291.87 0.773 0.02 adenylate 
cyclase-
activating 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Adcy6 3586.25 127.84 3100.75 261.38 0.865 0.02 dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Adora2a 85.25 11.44 67.5 5.26 0.8 0.04 synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Adrb1 3804.75 220.12 2839.5 406.43 0.746 0.02 dopamine 
binding
Dopamine 
binding
Agtr2 7.5 1.29 4.5 1.29 0.625 0.03 dopamine 
biosynthetic 
process
Dopamine 
metabolism
Alk 338.25 34.12 239.75 18.7 0.71 0.02 regulation 
of dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Arrb2 1457.5 104.2 1230 70.58 0.844 0.02 D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Atf4 6601.75 414.03 5741.5 399.8 0.87 0.04 cellular response 
to dopamine
Signal 
transduction
Atp1a3 100628 2800.69 84311 9955.54 0.838 0.02 D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Atp7a 647 30.59 496.25 61.41 0.767 0.02 dopamine 
metabolic 
process
Dopamine 
metabolism
Caly 3578.5 323.62 3064.75 79.97 0.856 0.04 dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Cav2 1822.25 136.79 1280 43.45 0.703 0.02 D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Cdk5 4351.75 301.93 3795.5 163.66 0.872 0.04 synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Chrna4 734.75 61.85 552.5 120.8 0.752 0.04 positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Chrnb2 2304.25 137.24 1973.75 145.38 0.857 0.04 regulation 
of dopamine 
metabolic 
process
Dopamine 
metabolism
Cnr1 4718.75 654.04 2749 502.2 0.583 0.02 negative 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Comt 3292.25 144.89 2693 180.52 0.818 0.02 dopamine 
catabolic 
process
Dopamine 
metabolism
Crhbp 871 92.92 576.25 114.6 0.661 0.02 synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
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Activity dependent transcriptional regulation of the dopaminergic signaling in the somatosensory cortex
Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Csnk1d 7588 317.86 6028.75 345.17 0.795 0.02 positive 
regulation of 
Wnt-mediated 
midbrain 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Ctnnb1 20574.75 686.06 16136.5 1908.37 0.784 0.02 midbrain 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Cxcl12 2021 155.8 1318.5 181.48 0.653 0.02 positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Cyp2d22 1175.5 83.84 992.25 137.68 0.844 0.04 dopamine 
biosynthetic 
process
Dopamine 
metabolism
Dlg4 57896.25 3073.03 47781.75 5430.11 0.825 0.04 D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Dmrta2 302 32.87 218.75 22.74 0.725 0.02 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Dnm1 77308.5 5741.62 66992.5 3443.36 0.867 0.04 D2 dopamine 
receptor binding
Dopamine 
receptor 
binding
Dnm2 2693.5 131.22 2336.25 134.11 0.867 0.02 D2 dopamine 
receptor binding
Dopamine 
receptor 
binding
Dtnbp1 2134.5 59.05 1910.5 114.78 0.895 0.02 regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Entpd1 744.25 88.13 567.25 105.94 0.762 0.04 negative 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Epas1 7610.25 484.06 5910 371.05 0.777 0.02 positive 
regulation 
of dopamine 
biosynthetic 
process
Dopamine 
metabolism
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Flot1 4514.25 220.95 3595.25 156.29 0.796 0.02 positive 
regulation 
of synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Fzd3 10134.5 334.99 6469.5 813.8 0.638 0.02 dopaminergic 
neuron axon 
guidance
Dopaminergic 
neuron 
development
Gabbr1 37419 1715.28 30369.5 2252.63 0.812 0.02 negative 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Gabpa 1159 36.41 873 96.9 0.753 0.02 cellular response 
to dopamine
Signal 
transduction
Gna11 6709 328.71 5669 388.3 0.845 0.02 phospholipase 
C-activating 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Gna13 2825.25 100.89 2076.75 240.74 0.735 0.02 D5 dopamine 
receptor binding
Dopamine 
receptor 
binding
Gnai3 1749.25 113.89 1306 155.41 0.747 0.02 dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Gnal 5571 142.75 3522.75 482.06 0.632 0.02 adenylate 
cyclase-
activating 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Gnao1 38122.5 1477.63 30041.75 2072.49 0.788 0.02 dopamine 
receptor 
signaling 
pathway
Signal 
transduction
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Gnaq 16595.25 157.85 12844.5 1185.72 0.774 0.02 phospholipase 
C-activating 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Gnas 62344.75 2175.4 50840.75 2235.83 0.815 0.02 D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Gnb5 7326 292.8 5588.5 588.34 0.763 0.02 dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Grin2a 2039.25 284.91 1317 282.52 0.646 0.02 dopamine 
metabolic 
process
Dopamine 
metabolism
Gsk3b 15251.25 293.35 11525.5 892.5 0.756 0.02 negative 
regulation of 
dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Hif1a 4158 154.19 2906 289.11 0.699 0.02 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Hprt 4887 172.89 3833.75 178.08 0.785 0.02 dopamine 
metabolic 
process
Dopamine 
metabolism
Htr1a 629.25 115.29 424.25 61.55 0.674 0.02 regulation 
of dopamine 
metabolic 
process
Dopamine 
metabolism
Htr7 639 51.04 402.25 34.42 0.629 0.02 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Htt 11393.5 909.21 8861 809.49 0.778 0.02 dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Kcna2 23245.25 1951.45 17503.25 800.84 0.753 0.02 regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Klf16 2316.25 176.22 1784.25 183.56 0.77 0.02 dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Lrp6 2873.5 121.35 2185.5 283.93 0.761 0.02 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Lrrk2 5591.25 244.06 4227.25 229.7 0.756 0.02 cellular response 
to dopamine
Signal 
transduction
Maoa 1052.5 39.37 749.25 53.07 0.711 0.02 dopamine 
catabolic 
process
Dopamine 
metabolism
Mapk1 30498.5 1297.41 22163.25 2199.38 0.727 0.02 cellular response 
to dopamine
Signal 
transduction
Moxd1 144.5 23.01 74.5 10.47 0.517 0.02 dopamine beta-
monooxygenase 
activity
Dopamine 
metabolism
Nat8l 35681.75 3890.29 27845.5 2296.42 0.78 0.02 positive 
regulation 
of dopamine 
uptake involved 
in synaptic 
transmission
Dopamine 
transport & 
uptake
Nr4a2 1168.75 190.32 871 130.66 0.745 0.04 dopamine 
biosynthetic 
process
Dopamine 
metabolism
Nsf 41279.75 1505.19 33046.25 1893.91 0.801 0.02 D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Nsg1 12084.75 521.54 9548.5 733.47 0.79 0.02 dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Nsg2 22275.25 1566.46 19024.5 1613.03 0.854 0.04 dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Park7 3305.75 84.4 2756.25 136.29 0.834 0.02 dopamine 
uptake involved 
in synaptic 
transmission
Dopamine 
transport & 
uptake
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Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Pax2 7.25 4.72 2.5 1 0.429 0.02 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Pde1b 6496.25 408.77 5617.75 245.81 0.865 0.02 regulation 
of dopamine 
metabolic 
process
Dopamine 
metabolism
Pink1 18509 893.96 14907 690.59 0.805 0.02 positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Ppp1r9b 55913.25 2109.86 46521.25 5137.74 0.832 0.04 D2 dopamine 
receptor binding
Dopamine 
receptor 
binding
Prkcb 71011.25 4140.4 51872.25 5531.43 0.73 0.02 regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Prmt5 2600.25 17.73 2082 79.53 0.801 0.02 positive 
regulation 
of adenylate 
cyclase-
inhibiting 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Ptger1 1203.25 54.89 955.75 48.51 0.795 0.02 D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Ptgs2 1413 90.6 842.5 136.49 0.597 0.02 negative 
regulation 
of synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Ptpn11 8406.25 618.2 7068.75 359.35 0.841 0.02 D1 dopamine 
receptor binding
Dopamine 
receptor 
binding
Rac1 13224.75 196.32 10066.25 603.72 0.761 0.02 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
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Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Rasd2 7418.75 354.37 6492.5 644.69 0.875 0.04 synaptic 
transmission, 
dopaminergic
Dopamine 
secretion 
& synaptic 
transmission
Rgs4 68243.75 3190.58 48261.25 5292.64 0.707 0.02 negative 
regulation 
of dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Rgs8 3124.5 533.79 1826.5 400.7 0.585 0.02 regulation 
of dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Rgs9 368.75 31.26 278.75 23.43 0.756 0.02 dopamine 
receptor 
signaling 
pathway
Signal 
transduction
Rspo2 121.25 23.04 76.5 8.58 0.636 0.02 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Rtn4 41251 933 32169.75 1857.11 0.78 0.02 positive 
regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Ryk 1549.25 88.71 1208.75 116.78 0.781 0.02 chemorepulsion 
of dopaminergic 
neuron axon
Dopaminergic 
neuron 
development
Sfrp1 390.25 26.46 314.25 49.95 0.805 0.02 dopaminergic 
neuron 
differentiation
Dopaminergic 
neuron 
development
Slc6a3 2.75 1.71 0.25 0.5 0 0.03 dopamine 
biosynthetic 
process
Dopamine 
metabolism
Slc9a3r1 3134.5 175.44 2618.25 302.44 0.835 0.04 adenylate 
cyclase-
activating 
dopamine 
receptor 
signaling 
pathway
Signal 
transduction
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Mean
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Deprived 
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Deprived 
STD
Deprived/ 
Control
p Annotation Simplified 
Annotation
Smpd3 5033 373.95 4422.75 221.47 0.879 0.04 dopamine 
uptake
Dopamine 
transport & 
uptake
Snca 9190 347.97 8058.25 833.84 0.877 0.04 dopamine 
biosynthetic 
process
Dopamine 
metabolism
Sncaip 135.75 9.74 99.5 9.88 0.735 0.02 dopamine 
metabolic 
process
Dopamine 
metabolism
Sncg 11.5 2.38 4.75 3.3 0.417 0.02 regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Syt1 77269.25 3406.97 56713 3979.46 0.734 0.02 regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Syt4 10055.75 381.24 7931.75 647.89 0.789 0.02 regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Syt7 12535.75 632.13 8804.5 1103.29 0.702 0.02 regulation 
of dopamine 
secretion
Dopamine 
secretion 
& synaptic 
transmission
Tgfb2 356.25 23.14 242.5 29.56 0.683 0.02 dopamine 
biosynthetic 
process
Dopamine 
metabolism
Vps35 7631.75 401.19 5463 479.09 0.716 0.02 positive 
regulation 
of dopamine 
biosynthetic 
process
Dopamine 
metabolism
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Supplemental Table 9: DSP transcripts that are differentially transcribed across the deprived and second 
order spared Layer 4
Gene Control 
Mean
Control 
STD
Deprived 
Mean
Deprived 
STD
Deprived/ 
Control
p Annotation
Abat 14451 1019.36 11111.5 200.03 0.769 0.02 positive regulation of 
dopamine metabolic process
Adcy5 6087.5 286.65 4698.25 228.1 0.772 0.02 adenylate cyclase-activating 
dopamine receptor signaling 
pathway
Adcy6 3666.5 216.69 3163.75 206.55 0.863 0.04 dopamine receptor signaling 
pathway
Adora2a 135.25 32.39 94.25 3.1 0.696 0.02 synaptic transmission, 
dopaminergic
Adrb1 4424 185.06 3625.25 239.43 0.819 0.02 dopamine binding
Adrb2 94 10.13 51.75 9.6 0.553 0.02 dopamine binding
Agtr1a 11.75 3.1 5.75 1.26 0.5 0.02 dopamine biosynthetic 
process
Alk 660.75 62.31 497 28.21 0.752 0.02 regulation of dopamine 
receptor signaling pathway
Arrb2 1740.25 92.6 1388.25 188.07 0.798 0.04 D1 dopamine receptor 
binding
Atf4 6504 494.3 5338.5 454.79 0.821 0.02 cellular response to dopamine
Atp1a3 100194.25 6244.18 82678.75 5509.73 0.825 0.02 D1 dopamine receptor 
binding
Atp7a 517.75 40.21 371.75 28.11 0.718 0.02 dopamine metabolic process
Caly 4596.5 160.82 3556.75 370.87 0.774 0.02 dopamine receptor signaling 
pathway
Cav2 1988.5 141.95 1269 60.39 0.638 0.02 D1 dopamine receptor 
binding
Chrna4 922 85.04 678.25 32.67 0.735 0.02 positive regulation of 
dopamine secretion
Chrna7 770.5 44.43 568.75 42.17 0.738 0.02 regulation of synaptic 
transmission, dopaminergic
Chrnb2 1872.25 160.86 1572.75 155.48 0.84 0.04 regulation of dopamine 
metabolic process
Cnr1 11834.5 766.86 7764.75 295.14 0.656 0.02 negative regulation of 
dopamine secretion
Cntnap4 432.25 37.77 335.75 49.4 0.778 0.02 regulation of synaptic 
transmission, dopaminergic
Comt 3010 117.26 2540.75 175.25 0.844 0.02 dopamine catabolic process
Crh 1299.25 43.96 1007.5 59.44 0.776 0.02 synaptic transmission, 
dopaminergic
Crhbp 726.25 53.77 548.5 115.36 0.756 0.02 synaptic transmission, 
dopaminergic
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p Annotation
Csnk1d 7735 701.6 6445.25 540.97 0.833 0.04 positive regulation of 
Wnt-mediated midbrain 
dopaminergic neuron 
differentiation
Ctnnb1 22283.75 1265.6 16776.75 342.75 0.753 0.02 midbrain dopaminergic 
neuron differentiation
Cxcl12 2126.25 62.33 1469.25 126.42 0.691 0.02 positive regulation of 
dopamine secretion
Cyp2d22 1358.25 167.59 1013.75 34.99 0.747 0.02 dopamine biosynthetic 
process
Dlg4 72298.5 3467.53 61278 2536.78 0.848 0.02 D1 dopamine receptor 
binding
Dmrta2 411.75 82.73 282 14.49 0.684 0.04 dopaminergic neuron 
differentiation
Dnajc14 2331 131.02 1945.25 78.99 0.834 0.02 dopamine receptor binding
Dnm1 69112.25 3662.81 59844 4894.96 0.866 0.04 D2 dopamine receptor 
binding
Dnm2 2742.5 245.13 2259.75 106 0.824 0.02 D2 dopamine receptor 
binding
Drd4 50 4.24 35.25 10.63 0.7 0.04 regulation of dopamine 
metabolic process
Dtnbp1 1760.75 94.51 1599 76.67 0.908 0.04 regulation of dopamine 
secretion
Dvl3 4206.25 312.26 3665.25 243.52 0.871 0.02 Wnt signaling pathway 
involved in midbrain 
dopaminergic neuron 
differentiation
Entpd1 1005.25 128.61 755.25 56.35 0.751 0.02 negative regulation of 
dopamine secretion
Epas1 10152 781.29 6847 421.41 0.674 0.02 positive regulation of 
dopamine biosynthetic 
process
Flna 4055.5 273.08 3268.75 248.78 0.806 0.02 adenylate cyclase-inhibiting 
dopamine receptor signaling 
pathway
Flot1 4661.25 313.69 3949.25 320.24 0.847 0.04 positive regulation of 
synaptic transmission, 
dopaminergic
Fzd3 9589.25 896.72 7209 720.46 0.752 0.02 dopaminergic neuron axon 
guidance
Gabbr1 36825 1890.27 29889.5 1780.02 0.812 0.02 negative regulation of 
dopamine secretion
Gabpa 1176.25 49.31 856.25 77.21 0.728 0.02 cellular response to dopamine
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Gch1 124 19.85 80.75 15.95 0.653 0.04 dopamine biosynthetic 
process
Gna11 7730.25 437.08 6249.75 348.2 0.809 0.02 phospholipase C-activating 
dopamine receptor signaling 
pathway
Gna12 3235.75 174.65 2447.5 60.39 0.756 0.02 D5 dopamine receptor 
binding
Gna13 3555.75 314.92 2484.25 147.92 0.699 0.02 D5 dopamine receptor 
binding
Gnai3 1874.75 121.07 1364.5 98.49 0.728 0.02 dopamine receptor signaling 
pathway
Gnal 7332.5 421.13 5319.5 162.67 0.725 0.02 adenylate cyclase-activating 
dopamine receptor signaling 
pathway
Gnao1 41515.5 2162.55 33228 1647.21 0.8 0.02 dopamine receptor signaling 
pathway
Gnaq 15725.25 892.06 12561.25 472.6 0.799 0.02 phospholipase C-activating 
dopamine receptor signaling 
pathway
Gnas 57648 2855.08 45711.25 3836.78 0.793 0.02 D1 dopamine receptor 
binding
Gnb5 7474.25 498.27 6250 605.77 0.836 0.02 dopamine receptor signaling 
pathway
Gpr37 457 75.36 371.25 30.87 0.812 0.04 dopamine biosynthetic 
process
Gpr52 78.25 12.76 44 4.97 0.564 0.02 dopamine neurotransmitter 
receptor activity, coupled 
via Gs
Gsk3b 13808 717.13 11186.25 550.29 0.81 0.02 negative regulation of 
dopaminergic neuron 
differentiation
Hif1a 4553 109.66 3248.5 131.68 0.714 0.02 dopaminergic neuron 
differentiation
Hprt 3652.5 176.24 2939 232.57 0.805 0.02 dopamine metabolic process
Htr1a 680.5 66.02 571.25 27.66 0.838 0.02 regulation of dopamine 
metabolic process
Htr2c 194 23.55 119.5 9.85 0.619 0.02 negative regulation of 
dopamine metabolic process
Htr7 791 79.04 520.75 72.69 0.659 0.02 dopaminergic neuron 
differentiation
Htt 10143.5 876.54 8448 618.94 0.833 0.04 dopamine receptor signaling 
pathway
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Kcnq4 435.5 39.75 351.5 18.21 0.807 0.02 negative regulation of 
synaptic transmission, 
dopaminergic
Klf16 4110.5 465.01 3189.25 201.71 0.776 0.02 dopamine receptor signaling 
pathway
Lmx1b 4 0.82 0.25 0.5 0 0.02 dopaminergic neuron 
differentiation
Lrp6 2885.25 251.68 2223.5 87.75 0.771 0.02 dopaminergic neuron 
differentiation
Maoa 1263.75 115.03 834 90.4 0.66 0.02 dopamine catabolic process
Mapk1 34862.25 1641.03 26602.75 1147.62 0.763 0.02 cellular response to dopamine
Mapk3 3959.75 380.23 3089 192.02 0.78 0.02 cellular response to dopamine
Moxd1 313.25 53.78 221.25 43.42 0.706 0.04 dopamine beta-
monooxygenase activity
Npr1 191.5 49.26 124 16.57 0.646 0.02 dopamine metabolic process
Npy2r 190.75 39.55 127 8.76 0.665 0.02 positive regulation of 
dopamine secretion
Nr4a2 1614.25 107.7 1176 158.16 0.729 0.02 dopamine biosynthetic 
process
Nsf 32971 1784.61 27791.5 2195.9 0.843 0.02 D1 dopamine receptor 
binding
Nsg1 10812 607.73 9139.25 711.3 0.845 0.02 dopamine receptor signaling 
pathway
Nsg2 27825 954.6 23648.25 1628.51 0.85 0.02 dopamine receptor signaling 
pathway
Palm 15158 1085.5 12113.5 472.56 0.799 0.02 D3 dopamine receptor 
binding
Park2 225.25 23.43 183.75 26.69 0.818 0.04 dopamine uptake involved in 
synaptic transmission
Park7 2941 198.39 2519 203.96 0.857 0.02 dopamine uptake involved in 
synaptic transmission
Pcp4 893 13.54 605.5 48.56 0.679 0.02 positive regulation of 
dopamine secretion
Pde1b 6075.75 345.36 5072.75 403.99 0.835 0.02 regulation of dopamine 
metabolic process
Pink1 16867.25 812.64 12763 950.4 0.757 0.02 positive regulation of 
dopamine secretion
Ppp1r9b 73588.5 3092.83 58363.5 1635.93 0.793 0.02 D2 dopamine receptor 
binding
Prkcb 68094.75 3981.41 56077.25 3467.21 0.824 0.02 regulation of dopamine 
secretion
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p Annotation
Prmt5 2511 80.05 2000 137.33 0.796 0.02 positive regulation of 
adenylate cyclase-inhibiting 
dopamine receptor signaling 
pathway
Ptger1 1499.25 140.73 1152.25 98.11 0.769 0.02 D1 dopamine receptor 
binding
Ptgs2 2477.25 373.19 1549.5 257.6 0.626 0.02 negative regulation of 
synaptic transmission, 
dopaminergic
Ptpn11 8320.5 500.3 6726.5 508.84 0.808 0.02 D1 dopamine receptor 
binding
Rab3b 1200.25 82.56 1041.25 114.47 0.868 0.04 positive regulation of 
dopamine uptake involved in 
synaptic transmission
Rac1 13225.75 518.88 9651 560.43 0.73 0.02 dopaminergic neuron 
differentiation
Rgs4 39776 1402.26 34026.75 2529.18 0.855 0.02 negative regulation of 
dopamine receptor signaling 
pathway
Rgs8 9984 801.43 7783.5 987.26 0.78 0.02 regulation of dopamine 
receptor signaling pathway
Rgs9 604.75 45.49 434 40.9 0.717 0.02 dopamine receptor signaling 
pathway
Rnls 89.5 5.45 71.75 13.3 0.8 0.03 dopamine metabolic process
Rspo2 83.75 15.33 52 10.86 0.619 0.04 dopaminergic neuron 
differentiation
Rtn4 32105.25 1805.45 26323.25 1945.21 0.82 0.02 positive regulation of 
dopamine secretion
Ryk 2003 131.5 1439.5 75.24 0.719 0.02 chemorepulsion of 
dopaminergic neuron axon
Sfrp1 365.75 33.12 225.75 9.46 0.617 0.02 dopaminergic neuron 
differentiation
Slc18a1 6.25 1.71 3.25 1.5 0.5 0.05 positive regulation of 
dopamine secretion
Slc22a2 22.5 7.33 7 4.97 0.304 0.02 dopamine transmembrane 
transporter activity
Slc9a3r1 4543 440.43 3381.5 132.47 0.744 0.02 adenylate cyclase-activating 
dopamine receptor signaling 
pathway
Smpd3 4962 398 4198 235.91 0.846 0.02 dopamine uptake
Snca 7107 343.55 5668.75 178.99 0.798 0.02 dopamine biosynthetic 
process
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Sncaip 226.5 43.18 148 14.85 0.652 0.02 dopamine metabolic process
Sncg 51 7.87 30 5.03 0.588 0.02 regulation of dopamine 
secretion
Spr 966.75 68.68 817 60.93 0.845 0.04 dopamine metabolic process
Sult1a1 373.5 115.5 235.25 51.46 0.628 0.02 aryl sulfotransferase activity
Syt1 63527.75 4343.52 50143.75 3910.56 0.789 0.02 regulation of dopamine 
secretion
Syt4 9537.25 185.54 7541 459.7 0.791 0.02 regulation of dopamine 
secretion
Syt7 18708.25 967.07 14025 940.19 0.75 0.02 regulation of dopamine 
secretion
Tgfb2 546.75 61.66 365.5 39.43 0.669 0.02 dopamine biosynthetic 
process
Tiam1 4984.5 263.59 3832.25 116.39 0.769 0.02 regulation of dopaminergic 
neuron differentiation
Tor1a 1312.5 83.01 1009.5 92.45 0.769 0.02 regulation of dopamine 
uptake involved in synaptic 
transmission
Vangl2 393.25 26.59 301.25 25.32 0.766 0.02 dopaminergic neuron axon 
guidance
Vegfa 4587.5 551.35 3515 329.03 0.766 0.02 dopaminergic neuron 
differentiation
Vps35 7771.5 456.22 5859.25 269.42 0.754 0.02 positive regulation of 
dopamine biosynthetic 
process
Wnt5a 525.5 45.88 327.75 64.65 0.624 0.02 chemorepulsion of 
dopaminergic neuron axon
Wnt7b 961.25 87.32 692 42.79 0.72 0.02 chemoattraction of 
dopaminergic neuron axon
Supplemental Table 10: Laminar distribution of transcripts that are differentially transcribed across the 
deprived and second order spared columns, organized by function
Gene Laminae Annotation Simplified Annotation
Abat Both positive regulation of dopamine metabolic 
process
Dopamine metabolism
Adcy5 Both adenylate cyclase-activating dopamine receptor 
signaling pathway
Signal transduction
Adcy6 Both dopamine receptor signaling pathway Signal transduction
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Adora2a Both synaptic transmission, dopaminergic Dopamine secretion & synaptic 
transmission
Adrb1 Both dopamine binding Dopamine binding
Adrb2 L2/3 
only
dopamine binding Dopamine binding
Agtr1a L2/3 
only
dopamine biosynthetic process Dopamine metabolism
Alk Both regulation of dopamine receptor signaling 
pathway
Signal transduction
Arrb2 Both D1 dopamine receptor binding Dopamine receptor binding
Atf4 Both cellular response to dopamine Signal transduction
Atp1a3 Both D1 dopamine receptor binding Dopamine receptor binding
Atp7a Both dopamine metabolic process Dopamine metabolism
Caly Both dopamine receptor signaling pathway Signal transduction
Cav2 Both D1 dopamine receptor binding Dopamine receptor binding
Chrna4 Both positive regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Chrna7 L2/3 
only
regulation of synaptic transmission, 
dopaminergic
Dopamine secretion & synaptic 
transmission
Chrnb2 Both regulation of dopamine metabolic process Dopamine metabolism
Cnr1 Both negative regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Cntnap4 L2/3 
only
regulation of synaptic transmission, 
dopaminergic
Dopamine secretion & synaptic 
transmission
Comt Both dopamine catabolic process Dopamine metabolism
Crh L2/3 
only
synaptic transmission, dopaminergic Dopamine secretion & synaptic 
transmission
Crhbp Both synaptic transmission, dopaminergic Dopamine secretion & synaptic 
transmission
Csnk1d Both positive regulation of Wnt-mediated midbrain 
dopaminergic neuron differentiation
Dopaminergic neuron 
development
Ctnnb1 Both midbrain dopaminergic neuron differentiation Dopaminergic neuron 
development
Cxcl12 Both positive regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Cyp2d22 Both dopamine biosynthetic process Dopamine metabolism
Dlg4 Both D1 dopamine receptor binding Dopamine receptor binding
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Dmrta2 Both dopaminergic neuron differentiation Dopaminergic neuron 
development
Dnajc14 L2/3 
only
dopamine receptor binding Dopamine receptor binding
Dnm1 Both D2 dopamine receptor binding Dopamine receptor binding
Dnm2 Both D2 dopamine receptor binding Dopamine receptor binding
Drd4 L2/3 
only
regulation of dopamine metabolic process Dopamine metabolism
Dtnbp1 Both regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Dvl3 L2/3 
only
Wnt signaling pathway involved in midbrain 
dopaminergic neuron differentiation
Dopaminergic neuron 
development
Entpd1 Both negative regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Epas1 Both positive regulation of dopamine biosynthetic 
process
Dopamine metabolism
Flna L2/3 
only
adenylate cyclase-inhibiting dopamine receptor 
signaling pathway
Signal transduction
Flot1 Both positive regulation of synaptic transmission, 
dopaminergic
Dopamine secretion & synaptic 
transmission
Fzd3 Both dopaminergic neuron axon guidance Dopaminergic neuron 
development
Gabbr1 Both negative regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Gabpa Both cellular response to dopamine Signal transduction
Gch1 L2/3 
only
dopamine biosynthetic process Dopamine metabolism
Gna11 Both phospholipase C-activating dopamine receptor 
signaling pathway
Signal transduction
Gna12 L2/3 
only
D5 dopamine receptor binding Dopamine receptor binding
Gna13 Both D5 dopamine receptor binding Dopamine receptor binding
Gnai3 Both dopamine receptor signaling pathway Signal transduction
Gnal Both adenylate cyclase-activating dopamine receptor 
signaling pathway
Signal transduction
Gnao1 Both dopamine receptor signaling pathway Signal transduction
Gnaq Both phospholipase C-activating dopamine receptor 
signaling pathway
Signal transduction
Gnas Both D1 dopamine receptor binding Dopamine receptor binding
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Gnb5 Both dopamine receptor signaling pathway Signal transduction
Gpr37 L2/3 
only
dopamine biosynthetic process Dopamine metabolism
Gpr52 L2/3 
only
dopamine neurotransmitter receptor activity, 
coupled via Gs
Dopamine receptor binding
Gsk3b Both negative regulation of dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
Hif1a Both dopaminergic neuron differentiation Dopaminergic neuron 
development
Hprt Both dopamine metabolic process Dopamine metabolism
Htr1a Both regulation of dopamine metabolic process Dopamine metabolism
Htr2c L2/3 
only
negative regulation of dopamine metabolic 
process
Dopamine metabolism
Htr7 Both dopaminergic neuron differentiation Dopaminergic neuron 
development
Htt Both dopamine receptor signaling pathway Signal transduction
Kcnq4 L2/3 
only
negative regulation of synaptic transmission, 
dopaminergic
Dopamine secretion & synaptic 
transmission
Klf16 Both dopamine receptor signaling pathway Signal transduction
Lmx1b L2/3 
only
dopaminergic neuron differentiation Dopaminergic neuron 
development
Lrp6 Both dopaminergic neuron differentiation Dopaminergic neuron 
development
Maoa Both dopamine catabolic process Dopamine metabolism
Mapk1 Both cellular response to dopamine Signal transduction
Mapk3 L2/3 
only
cellular response to dopamine Signal transduction
Moxd1 Both dopamine beta-monooxygenase activity Dopamine metabolism
Npr1 L2/3 
only
dopamine metabolic process Dopamine metabolism
Npy2r L2/3 
only
positive regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Nr4a2 Both dopamine biosynthetic process Dopamine metabolism
Nsf Both D1 dopamine receptor binding Dopamine receptor binding
Nsg1 Both dopamine receptor signaling pathway Signal transduction
Nsg2 Both dopamine receptor signaling pathway Signal transduction
Palm L2/3 
only
D3 dopamine receptor binding Dopamine receptor binding
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Park2 L2/3 
only
dopamine uptake involved in synaptic 
transmission
Dopamine transport & uptake
Park7 Both dopamine uptake involved in synaptic 
transmission
Dopamine transport & uptake
Pcp4 L2/3 
only
positive regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Pde1b Both regulation of dopamine metabolic process Dopamine metabolism
Pink1 Both positive regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Ppp1r9b Both D2 dopamine receptor binding Dopamine receptor binding
Prkcb Both regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Prmt5 Both positive regulation of adenylate cyclase-
inhibiting dopamine receptor signaling pathway
Signal transduction
Ptger1 Both D1 dopamine receptor binding Dopamine receptor binding
Ptgs2 Both negative regulation of synaptic transmission, 
dopaminergic
Dopamine secretion & synaptic 
transmission
Ptpn11 Both D1 dopamine receptor binding Dopamine receptor binding
Rab3b L2/3 
only
positive regulation of dopamine uptake involved 
in synaptic transmission
Dopamine transport & uptake
Rac1 Both dopaminergic neuron differentiation Dopaminergic neuron 
development
Rgs4 Both negative regulation of dopamine receptor 
signaling pathway
Signal transduction
Rgs8 Both regulation of dopamine receptor signaling 
pathway
Signal transduction
Rgs9 Both dopamine receptor signaling pathway Signal transduction
Rnls L2/3 
only
dopamine metabolic process Dopamine metabolism
Rspo2 Both dopaminergic neuron differentiation Dopaminergic neuron 
development
Rtn4 Both positive regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Ryk Both chemorepulsion of dopaminergic neuron axon Dopaminergic neuron 
development
Sfrp1 Both dopaminergic neuron differentiation Dopaminergic neuron 
development
Slc18a1 L2/3 
only
positive regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
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Slc22a2 L2/3 
only
dopamine transmembrane transporter activity Dopamine transport & uptake
Slc9a3r1 Both adenylate cyclase-activating dopamine receptor 
signaling pathway
Signal transduction
Smpd3 Both dopamine uptake Dopamine transport & uptake
Snca Both dopamine biosynthetic process Dopamine metabolism
Sncaip Both dopamine metabolic process Dopamine metabolism
Sncg Both regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Spr L2/3 
only
dopamine metabolic process Dopamine metabolism
Sult1a1 L2/3 
only
aryl sulfotransferase activity Dopamine metabolism
Syt1 Both regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Syt4 Both regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Syt7 Both regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Tgfb2 Both dopamine biosynthetic process Dopamine metabolism
Tiam1 L2/3 
only
regulation of dopaminergic neuron 
differentiation
Dopaminergic neuron 
development
Tor1a L2/3 
only
regulation of dopamine uptake involved in 
synaptic transmission
Dopamine transport & uptake
Vangl2 L2/3 
only
dopaminergic neuron axon guidance Dopaminergic neuron 
development
Vegfa L2/3 
only
dopaminergic neuron differentiation Dopaminergic neuron 
development
Vps35 Both positive regulation of dopamine biosynthetic 
process
Dopamine metabolism
Wnt5a L2/3 
only
chemorepulsion of dopaminergic neuron axon Dopaminergic neuron 
development
Wnt7b L2/3 
only
chemoattraction of dopaminergic neuron axon Dopaminergic neuron 
development
Agtr2 L4 only dopamine biosynthetic process Dopamine metabolism
Cdk5 L4 only synaptic transmission, dopaminergic Dopamine secretion & synaptic 
transmission
Grin2a L4 only dopamine metabolic process Dopamine metabolism
4159158 
Activity dependent transcriptional regulation of the dopaminergic signaling in the somatosensory cortex
Gene Laminae Annotation Simplified Annotation
Kcna2 L4 only regulation of dopamine secretion Dopamine secretion & synaptic 
transmission
Lrrk2 L4 only cellular response to dopamine Signal transduction
Nat8l L4 only positive regulation of dopamine uptake involved 
in synaptic transmission
Dopamine transport & uptake
Pax2 L4 only dopaminergic neuron differentiation Dopaminergic neuron 
development
Rasd2 L4 only synaptic transmission, dopaminergic Dopamine secretion & synaptic 
transmission
Slc6a3 L4 only dopamine biosynthetic process Dopamine metabolism
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Sensory perception is an orchestrated outcome of the central circuits of the brain. It requires 
integration of the bottom-up information from the periphery with the top-down, often 
neuromodulatory, information originating elsewhere in the brain. Recent studies in the 
whisker system showed that monoamines, particularly serotonin, performs gain-modulation 
for adaptive control of active sensing. Here we show that another monoamine, dopamine, 
powerfully controls sensory processing and neural representation of the sensory information 
in the somatosensory cortex. Specifically, we demonstrate that pharmacological activation of 
the D1-like dopaminergic receptors (D1R) in the somatosensory cortex from freely-behaving 
animals results in faster integration of the sensory information. The mechanism underlying 
this behavioral improvement might be explained by the bidirectional control of neuronal 
excitability by D1R activation. Intracellular whole-cell recordings before, during and after 
the activation of the D1R showed that receptor activation results in firing rate suppression 
in excitatory neurons and facilitation in inhibitory neurons. Intracellularly, this cell-type 
dependent modulation is regulated by sodium channels and accompanied by the correlated 
changes in calcium dynamics both in dendrites and soma. Taken together, the results indicate 
that the D1 signaling in the somatosensory cortex contributes to sensory information 
processing, improves integration of tactile evidence to reach a perceptual decision and 
performs cell-type specific gain modulation to enhance inhibitory neurons’ contribution to 
sensory coding in the neocortex. 
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The perception of the environment is dictated by sensory processing, which depends on the 
sensory representations in the brain. Dopamine is one of the neurotransmitters mediating 
this process, heterogeneously affecting neuronal responses both in sensory 1 and motor 
2 systems. This is an active process, as evidenced by the dopaminergic regulation of 
spike-timing-dependent plasticity in structures related to the sensory processing 3,4. Dopamine 
is also important for decision-making, reward and memory processing, thus its regulation of 
the stimulus representation in sensory circuits might have over-arching consequences for the 
processing and representation of sensory stimuli based on prior experiences.
 A subregion of the primary somatosensory cortex (S1), named barrel cortex, is responsible 
for the processing of sensory inputs coming from the whiskers, and constitute one of the major 
sensory systems in rodents. As layer 2/3 (L2/3) of the S1 integrates neuronal inputs coming 
from surrounding cortical columns via horizontal connections, long-range neocortical inputs 
via L1 and information (including neuromodulatory) originating elsewhere in the brain, it is 
suitable for studying top-down and bottom-up processing of cortical sensory information. 
Monoamines are known to interfere with the development of this cortical neurons, modulate 
the balance between excitation and inhibition, and shape the contribution of these neurons 
to tactile processing 5–7. Although they seem to have no influence in the thalamocortical 
projections that pattern the barrel formations, they are necessary for the maturation of layer 
(L) 4 and L2/3 of the barrel cortex 8. Moreover, S1 sends excitatory inputs to the Substantia 
Nigra (SN), reducing the latency for responding to stimuli predicted to be rewarded 9. This 
indicates that the dopaminergic and the somatosensory systems are functionally coupled 
throughout life.
 Dopamine receptors are differentially present in all cortical layers, L1 through L6: 
D1-like receptors are generally more expressed than D2, in both pyramidal and interneurons 
10. The D1 receptor activates the cAMP/PKA cascade resulting in the activation of many 
downstream protein targets, such as AKAP-15 11 and DARPP-32 12, which phosphorylates/ 
dephosphorylates voltage-gated sodium channels (NaV), thus modulating sodium conductance 
in the cortical neurons (also see Chapter 1). Because NaV channels are responsible for 
establishing the spike threshold for action potential generation, it is not surprising that in 
hippocampus 13, midbrain 14 and basal ganglia 15, dopamine is shown to increase the spike 
threshold and duration, decreasing the postsynaptic excitability via the modulation of sodium 
and calcium channels. This dopamine-mediated increase in spike threshold is also observed 
in the striatum, where it mediates inhibition of hyperpolarizing potential, and controls spike 
latency 16.
 Despite the indirect evidence concerning the role of dopamine for sensory processing, and 
the empirical findings on the dopaminergic control of neuronal excitability and spike timing, 
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whether dopaminergic signaling controls sensory processing in the somatosensory cortex 
is not yet known. Therefore, in this study, we studied the contribution of the dopaminergic 
receptors for neuronal and behavioral information processing. The results showed that 
dopamine controls excitability in a cell-type specific manner. While D1R activation 
hyperpolarizes spike-threshold and increases firing rate in inhibitory neurons, it inhibits 
stimulus-evoked spiking in the excitatory neurons. As a result, information transferred between 
cortical neurons are shaped bidirectionally by the activation of the D1Rs. The behavioral 
consequence of this modulatory control by D1Rs is the facilitation of sensory integration, as 
animals require substantially less sensory information to successfully locate tactile targets. 
This cell-type specific control of excitability by dopaminergic receptor activation is likely to 
act as a gain-modulator, increasing the signal-to-noise during goal-directed behavior.     
Materials and Methods
The physiology of the dopaminergic activation across the different receptor types was 
investigated through pharmacological manipulation by dopaminergic agonists (D1: 
SKF38393, D2: Quinpirole) and antagonists (D1: SCH23390, D2: Sulpiride) both in cell 
cultures and brain slices using intracellular recordings and calcium imaging. All animal 
procedures were approved by the Radboud University Animal Experiment Committee. 
Experiments in neocortical cell cultures 
Cultures of dissociated cortical neurons were prepared from postnatal day 0 mice on C57BL/6J 
background. The mother was sacrificed by cervical dislocation, pups by decapitation, before 
their brains were rapidly removed. Brains were put on ice-cold Hank’s balanced salts 
solution (HBBS; pH 7.3) comprising 10% HBSS without magnesium or calcium (Gibco 
Life Technologies; Catalog number (Cat.nr.): 14175129), 100 U/ml penicillin-streptomycin 
(Thermo Fisher Scientific; Cat.nr. 15140122) and 500 μM GlutaMAXTM (Thermo Fisher 
Scientific; Cat.nr. 35050061). Neocortex was removed bilaterally and incubated in HBSS 
with 5% trypsin solution (Gibco Life Technologies; Cat.nr. 15090046). The solution was 
removed, and the cells were dissociated using a fire-polished Pasteur’s pipette. Dissociated 
neurons were plated onto 25 mm coverslips, coated with 1% (weight/volume) poly-L-lysine 
(Sigma-Aldrich; Cat.nr. 25988-63-0), with a density of 1.6 x 105/coverslip. Cultures were 
maintained at 37°C in culture medium comprising neurobasal medium (Thermo Fisher 
Scientific; Catalog number: 21103049) and carbonated (95%O2/ 5% CO2), supplemented with 
2% B27 Supplement (Thermo Fisher Scientific; Cat.nr. 17504044) and 500 μM GlutaMAXTM 
(Thermo Fisher Scientific; Cat.nr. 35050061). On day 5, the culture medium was replaced 
with medium without glutamate. Half of the medium was changed twice per week. 
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Virally expressed GCaMP6s 17 under the CaMK2 promoter was used for visualization of the 
intracellular calcium dynamics. Viral packaging was adapted from 18–20. In short, a suspension 
of 37.5 μg pRVl (AAV2) (6.25 μg/plate), 37.5 μg pH21 (AAV1) (6.25 μg/plate), 125μg pFΔ6 
(Ad Helper) (25 μg/plate), 62.5 μg GCamp6 (12.5 μg/plate), 2 ml CaCl2 (2.5 M; Merck; Cat.
nr. 1023820500) and 12 ml of ddH2O were slowly added (5 ml/15 cm plate) to HEK293 
cells (density: 800.000 cells/plate) as plates were gently swirled. Viral transfection was 
confirmed 48 hours later with the Eclipse TS100 light microscope (Nikon) coupled with the 
epi-fluorescence illuminator Nikon Intensilight C-HGFIE and viral particles were purified 
with heparin (GE Healthcare; Cat.nr. 170406013). Concentration of the virus was checked 
with qPCR (fwd ITR primer, 5’-GGAACCCCTAGTGATGGAGTT-3’, and rev ITR primer, 
5’-CGGCCTCAGTGAGCGA-3’), as in 21. 2 μl of the virus was transferred to dissociated 
neuronal cell cultures (plate diameter: 25 mm) on day 2 of the culture (DIV2). For these 
experiments, two batches of the virus with titers of 4.92 x 1012 and 1.86 x 1012 were used. 
Transfected neurons were stored in the cell incubator at 37°C until the fluorescence was 
visible.
 Neurons were visualized using LED illumination (Coolled, pE-100) and a camera 
(Q-imaging, Model number: EXI-BLU-R-F-M-14-C, CA) coupled to a light microscope 
(Nikon, FN1) placed on an active vibration isolation table (Table Stable; TS-150). Data 
was acquired full field at 10 fps in MicroManager (https://micro-manager.org/) at 14-bit 
with a readout time of 30 MHz. Data acquisition was triggered using a custom Arduino 
interface, coupling whole-cell recording (see below) software Patchmaster (HEKA) with 
MicroManager, camera, and the excitation light source. Electrical recordings, electrical 
stimulation and calcium imaging were time aligned with clock signals generated in the 
Patchmaster. 
 Cell cultures were used 9-15 days after plating, i.e. 7-13 days after viral transfection. 
Pyramidal neurons were visually selected according to their somatic shape and dendritic 
morphology. The culture plate was continuously perfused with Ringer’s solutions (in 
mM): 10 HEPES (Sigma-Aldrich, Cat.nr. 7364459); 150.1 NaCl; 5 KCl; 1.5 CaCl2.2H2O; 
1 MgCl2.6H2O; 10 Glucose.H20; pH 7.4 adjusted with NaOH (all last chemicals are from 
Merck, Cat.nrs., respectively are:  7647145, 7447407, 100350408, 1058330250, 14431437). 
 Patch pipette electrodes with a resistance of 5-9 MOhm were pulled from borosilicate glass 
(Multi Channel Systems; Cat.nr. 300034) using a horizontal puller (Sutter instrument CO. 
Model P-2000). Intra-pipette solution included (in mM): 5 KCl (Merck, Cat.nr. 7447407); 130 
K-Gluconate; 1.5 MgCl2.6H2O; 0.4 Na3GTP; 4 Na2ATP; 10 HEPES; 10 Na-phosphocreatine; 
0.6 EGTA (Sigma-Aldrich, Cat.nrs., respectively are: 299274,  1058330250, G877,  A26209, 
7364459, P7936, 67425). pH was set to 7.22 using KOH (1 M; Merck; Cat.nr. 5033). A 
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chlorided silver wire was used to create electrical continuity between the intra-pipette 
solution and head-stage, connected to EPC 9 amplifier (HEKA). 
 Somatic whole-cell configuration was achieved as described before 22. Current-clamp 
recordings were performed using step-and-hold pulses, 500 ms in duration. 10 steps of 40 
pA current were delivered in every train, and each train was repeated three times. Sweep 
duration was set to 7 sec. Resting membrane potential was clamped at -70 mV. Evoked 
calcium dynamics were visualized as described above after binning (x2) with an exposure 
duration of 100 ms.    
 
Electrophysiology of layer 2/3 pyramidal neurons in slices
Recordings from 47 cells coming from 34 Pval-cre and SSt-cre mice between 11 and 54 
weeks (15 male, 19 female) were used in this study. Acute slices of the barrel cortex were 
prepared as described before 23. In short, mice were anesthetized with Isoflurane (10 ml/
mouse) and the depth of the anesthesia was assessed by pinch withdrawal before perfusion 
in the cooled solution containing (in mM): 108 choline chloride, 3 KCl, 26 NaHCO3, 1.25 
NaH2PO4.H2O, 25 Glucose.H2O, 1 CaCl2.2H2O, 6 MgSO4.7H2O, 3 Na-pyruvate. Animals 
were decapitated for brain extraction and sliced in the same solution. Brain slices were then 
transferred to a chamber with ACSF (in mM): 1200 NaCl, 35 KCl, 100 Glucose.H2O, 25 
CaCl2.2H2O, 13 MgSO4.7H2O, 250 NaHCO3, 12.5 NaH2PO4.H2O, carbonated with 95% O2/ 
5% CO2. The coronal slices were then kept oxygenated at 37°C for 30 minutes and then 30 
minutes in room temperature before the whole-cell recordings. The slice was then placed in 
a chamber under the microscope and was continuously oxygenated and perfused with ACSF. 
The barrel cortex was localized using the 20x lens and the pyramidal cells were patched with 
a 40x lens.
 For the electrophysiological recordings, conventional current-clamp and voltage-clamp 
24,25 configurations were used. All data were collected while somatic membrane potential was 
clamped at -70 mV. Two types (step-and-hold and frozen noise) current-clamp protocols 
were used as described in Chapter 2. In the voltage-clamp mode, there were 4 types of 
protocols used. First, a sawtooth voltage sweep from -70 mV to +70 mV in 100 ms five times 
was performed. This was repeated twice. Subsequently, the same five sawtooth waves were 
performed in 50 ms and in 10 ms in cycle duration, corresponding to stimulus frequencies of 
10, 20, 100 Hz, respectively. Finally, the membrane voltage was clamped at -70 mV while 
applying 14 increasing steps of 10 mV for 250 ms, with a 20 s interval. Collectively these 
protocols allowed me to address the ionic bases of dopaminergic modulation of neuronal 
activity.
 During these experiments select pharmacological agents, such as SKF38393 (D1 agonist, 
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1 μM), Quinpirole (D2 agonist, 10 μM), Dopamine (50 μM), SCH23390 (D1 antagonist, 1 
μM), Sulpiride (D2 antagonist, 10 μM), plus additional tetrodotoxin (TTX, 10 μM), EGTA 
(Ca2+ channels blocker (1, 2 and 20 μM)), NiCl2 (Ca
2+ channels blocker, 1 μM), CdCl2
 (1 μM), 
targeting specific ion channels were also administered to causally address the mechanisms 
involved with dopaminergic regulation of the neuronal excitability.  
 Following data acquisition, we used a custom program in MATLAB to systematically 
extract the characteristics from the neurons measured.  Cell-type classification was 
performed based on K-means clustering using the maximum firing rate and the mean spike 
half-width. Comparisons were made with ANOVA repeated measures, Student’s t-test and 
post-hoc analysis with Bonferroni statistical test. Non-parametric comparisons were made 
with Kruskal-Wallis test and Kolmogorov-Smirnov test.
Behavioral experiments
Adults animals were trained on the spontaneous gap-crossing task as described before 6,18,26–29. 
In short, animals were placed on an elevated platform (so called “home” platform) and were 
allowed to explore their environment in darkness, without light in the visible spectrum 
to the mammalian eye. A second elevated platform placed with a variable distance to the 
home platform served as a tactile target (see Figure 4A). A high-speed camera placed above 
the experimental chamber acquired animal navigation at a rate of 400 frame-per-second 
(spatial resolution 40 microm/pixel) and this videographic data were analyzed offline for 
quantification of sensorimotor exploration. 
 After initial training, the distance between the home and target platforms were set so that 
the animals could contact the target platform using only their whiskers. Once animals reached 
this, so-called whisker-distance trials, D1 agonist (SKF38393 in Ringer’s solution, 0.25 μg/
mouse, volume: 200 nl) or vehicle (Ringer’s solution, 200 nl) injections were performed via 
a cannula implanted in the brain prior to the start of training. The order of the injections was 
randomized (N=30 trials/condition). The data analysis was performed using custom written 
routines in MATLAB as described before 6,18,26,27.
Results
Sensory information is encoded by regulation of rate and timing of action potentials 30.  To 
address whether dopaminergic signaling can modulate generation of action potential, we 
performed whole-cell recordings in acute slices of the adult mouse barrel cortex (Figure 1). 
The results showed that D1 receptor activation resulted in reduction in spiking frequency 
(n=16, ANOVA repeated measures, p <0.001) although the effect size was small (η2=0.077) 
during sustained somatic current injections. D2 activation in pyramidal neurons increases 
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the spike frequency (n=7, ANOVA repeated measures, p=0.031; Figure 1C). In fast-spiking 
neurons, activation of D1 receptors increases spiking (D1: (n=16, ANOVA repeated measures, 
p <0.001, η2 =0.254). Preliminary experiments (N=3) showed that the D2 agonist Quinpirole 
tends to increase the action potential count in fast-spiking neurons (ANOVA repeated 
measures, p <0.001, η2 =0.586). 
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Figure 1. D1 and D2 agonists selectively modulate information transfer in a cell type specific manner. (A) 
Action potential traces of a representative pyramidal neuron under Control, D1 agonist (SKF 38393, 1 μM, in 
purple) and D2 agonist (Quinpirole, 10 μM, in light blue, bottom row)  treatments. (B) Representative interneuron 
under Control, D1 agonist (SKF 38393, 1 μM, purple) and (Quinpirole, 10 μM, in light blue, bottom row) treatments. 
(C) Comparison of D1 and D2 agonist treatments in Regular (red) and Fast Spiking (blue) neurons. Dashed lines 
show the drug effect in the spike frequency. Minimal effect is observed in regular spiking neurons, while fast spiking 
neurons show significant increase after both D1 (n=16, Student’s t test, p <0.001, ANOVA repeated measures, p 
<0.001, η2 =0.254) and D2 (n=3, Student’s t test, p<0.001, ANOVA repeated measures, p <0.001, η2 =0.586) agonists 
treatments. (D-E) D1 and D2 agonists reduced the change in Df/F in neocortical cell cultures in both active spines 
(D) and somas (E). The change in fluorescence (Df/F) was normalized to the maximum change per stimulus. See 
main text for statistical comparisons. ago = agonist; Rec= recovery. 
Dopaminergic regulation of the action potential generation is thought be mediated through 
T-type calcium channels 31–33. Therefore, we quantified the changes in intracellular calcium 
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using genetically encoded calcium indicator, GCaMP6s in dissociated neuronal cultures from 
the neocortex. Although increasing stimulus intensity was not accompanied by a systematic 
change in the amplitude of the calcium signals in spines (Figure 1D), D1 agonist (SKF38393, 
1 μM) decreased the calcium transients significantly in all stimulus levels (n=191, ANOVA 
repeated measures, p=0.01, Bonferroni, p<0.001). Similar to D1, D2 agonist (Quinpirole, 10 
μM) decreased evoked calcium transients of active spines significantly and the long-lasting 
effect remained after the drug administration was ceased (Recovery condition, p<0.001). 
Although the average calcium transients were reduced, the number of active spines and 
soma varied depending on the dopaminergic receptor activated. The number of active spines 
increased by 4 folds during D2 agonist administration (Control n = 12, D2 n=48), and slowly 
reduced post-administration (D2: n=35). However, D1R agonist reduced the number of active 
spines both during and post administration (Control: n=191, D1: n=55, Recovery: n=41; 
Figure 1D). The calcium dynamics in soma generally followed the observations in dendritic 
spines with the exception that D1R activation resulted in uniform reduction of calcium 
transient across all stimulus conditions, while D2R activation was most effective in lower 
stimulus intensities (Figure 1E; All comparisons ANOVA for repeated measures p<0.05). 
These observations argue that dopaminergic signaling mediated regulation of calcium might 
be cell-type dependent.  
 Although dopaminergic regulation of calcium dynamics contributes to the regulation of 
cellular excitability, observed changes in spiking dynamics might rather involve voltage-gated 
sodium (NaV) channels. As reviewed in Chapter 1, in several subcortical structures, dopamine 
has been shown to regulate NaV conductance. We thus quantified the inward currents in 
whole-cell voltage clamp configuration (Figure 2). Both cell classes displayed prominent 
inward currents which were suppressed after tetrodotoxin administration (Figure 2A-B). The 
statistics of the NaV transients were altered upon D1R activation (Figure 2C). The peak and 
the total amplitude of the transients were reduced upon D1R activation and the membrane 
potential at which NaV opened was hyperpolarized (Figure 2C) when all experiments were 
considered together.   
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Figure 2. D1 agonist reduces the amplitude of  inward currents and affects timing in regular- and fast-spiking 
neurons. (A) Voltage-clamp recordings of 100 ms triangular sweeps demonstrated that D1 agonist (SKF38393, 1 
μM, purple) reduces sodium currents amplitudes in fast-spiking neurons, as sodium blocker tetrodotoxin (TTX) 
removes the inward currents completely (black). (B) The same occurs in regular-spiking neurons, with a higher 
remission. (C) D1R agonist reduced the amplitude of the first current (Student’s t-test, p=0.006), starting voltage 
(Student’s t-test, p=0.06) and integral (Student’s t-test, p=0.01) of the inward currents, while tending to increase 
timing (Student’s t-test, p=0.10) when all experiments considered together. Splitting data across cell groups reduced 
the power in the statistical comparisons, thus the cell type specific grouping of the data does not imply cell type 
specific changes.   
Considering that dopaminergic receptor activation results in the reduction of voltage-gated 
sodium channel conductance, dopamine might control intracellular information transfer as 
somatic postsynaptic potentials are translated to action potentials. To directly quantify the 
information transfer we utilized a recently developed information theoretic 36,37 approach that 
computes the mutual information between a bandwidth limited time-varying current injected 
into the soma (entitled “frozen noise”) with action potentials generated by the neuron (Figure 
3A). Both regular-spiking (presumed excitatory) and fast-spiking (presumed inhibitory) 
neurons responded robustly to the somatic injection of “frozen noise” in control conditions 
and during drug administration (Figure 3B). D1R caused hyperpolarization of the action 
potential threshold in both classes of neurons across a large range of inter-spike intervals 
(Figure 3C) although fast-spiking neurons fired action potentials in more hyperpolarized 
membrane potentials (Figure 3D).  
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Figure 3. D1R activation controls intracellular information transfer in a cell-type specific manner. (A) 
Experimental protocol. To calculate the mutual information between current injected in soma (“frozen noise”) and 
the action potentials generated by the neuron, we computed synaptic inputs impinging on the postsynaptic neuron as 
an output of a 1000 neuron network (see 36 for details). The frozen noise was injected in soma in acute slices of the 
adult barrel cortex. (B) Example of response in regular-spiking (RS) and fast-spiking (FS) neurons, under Control 
(ACSF, gray) and D1 agonist (SKF38393, 1 μM, purple) treatments. (C) Normalized spike count as a function 
of per interspike interval (ISI) and action potential (AP) threshold in RS and FS neurons before and during D1R 
activation. (D-E) Change in spike threshold (D) and firing rate, quantified as ISI (E), across drug conditions and 
cell types. All within cell type across drug conditions are statistically significant, Kruskal-Wallis test, p<0.05. (F-G) 
Information content of action potentials. (F) Information plotted against the firing rate.  (G) Change in information 
transfer across drug conditions in both cell classes. Both within cell type across drug condition comparisons are 
statistically significant, Kruskal-Wallis test, p<0.05. (H) Change in information during D1R activation normalized 
to the change in firing rate across drug conditions. (I) Receiver-operating-characteristics of the spiking pattern. Hit: 
When the postsynaptic neuron fires action potential upon the upstate transition in the frozen noise; False alarm: 
When postsynaptic action potential is generated in the absence of an upstate.  
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Similar to our observations made during sustained somatic depolarization with a step-and-hold 
current pulse, frozen noise injection showed that D1R activation results in firing rate 
modulation; while the firing rate of regular-spiking neurons was reduced, fast-spiking neurons 
spiked at higher frequencies (Figure 3E). The change in the firing rate was directly correlated 
with the degree of information transfer. In regularly spiking neurons D1R activation caused 
reduction of the information (Figure 3F, left) although inhibitory neurons carried more 
information in their action potentials (Figure 3F, right). Comparisons of the total information 
transferred within a cell-type before and during D1R agonist application supported the 
conclusion that D1R facilitates information processing in presumed inhibitory neurons, while 
reducing the information content of excitatory neurons (Figure 3G), effectively selectively 
gating inhibition. Considering that relative change in information content remained constant 
in respect to the normalized firing rate change (Figure 3H), this differential regulation of 
information processing by D1R is due to the firing rate modulation of D1R activation.
 Change in intracellular information transfer might control barrel cortical neurons’ ability 
to encode the sensory stimulus. We thus quantified receiver-operator-characteristic (ROC) 
curve for both cell classes before and during D1R stimulation. The results showed that D1R 
activation increases the sensory encoding in inhibitory neurons and reduced in excitatory 
neurons (Figure 3I).  
 The role of D1R in controlling action potential threshold, firing rate and the information 
transfer between neurons in the somatosensory cortex suggests that dopaminergic signaling 
ultimately modulates sensory processing in freely behaving animals. Therefore we trained 
animals on a tactile object localization task, called spontaneous gap-crossing task 6,18,26–29. 
On this task animals locate a tactile target, an elevated platform, while standing on another 
platform located beyond a gap (Figure 4A). A camera located above the gap is used to observe 
animals and collect the sensory statistics of decision making.  
 To regulate the D1R activation during task execution, we implanted animals with a 
guide cannula and trained animals to criteria, i.e. two consecutive sessions with 5+ trials 
during which animals contacted the target only using their whiskers before successful 
object localization. After animals reached the criteria, animals received either D1 agonist 
(SKF38393) or vehicle (Ringer’s solution) for 30 trials/drug condition. The animals did not 
receive any whisker deprivation during these experiments.
 Post-hoc analysis of the whisker contacts 38 showed that D1R activation results in faster 
decision-making as the latency to cross after the first contact was twice as long after vehicle 
injection (Vehicle vs D1R agonist, 911∓214 vs 417∓54 ms (mean∓sem), ANOVA, P<0.05; 
Figure 4B). The animals required significantly less sensory information to make their decision 
(Vehicle vs D1R agonist, 931∓115 vs 583∓68 ms (mean∓sem), ANOVA, P<0.05; Figure 
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4D). Although both touch duration per whisker contact (Vehicle vs D1R agonist, 17.3∓0.32 
vs 15.9∓0.34 ms (mean∓sem), Kolmogorov-Smirnov Test, P<0.05; Figure 4E, left) and 
number of whiskers simultaneously in contact with the target (Vehicle vs D1R agonist, 
3.1∓0.03 vs 2.9∓0.04 (mean∓sem), Kolmogorov-Smirnov Test, P<0.05; Figure 4E, right) 
were significantly different, the primary contributor to the reduced sensory exploration was 
the reduced number of whisker contacts with the target (Vehicle vs D1R agonist, 53.7∓6.62 
vs 36.6∓3.7 ms (mean∓sem), ANOVA, P<0.05; Figure 4F). These results argue that D1R 
activation regulates integration of sensory information during tactile decision making.  
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Figure 4. The consequences of D1R activation for tactile decision making.  (A) Gap-crossing paradigm. (B) 
Quantification of sensory exploration. (C) Latency to cross, described as the temporal difference between the very 
first whisker contact with the target platform and animal’s nose crossing the target platform as the animal crosses 
the gap, jumps on the target. (D) Tactile evidence leading to successful target localization across groups.  Tactile 
evidence is calculated as the total duration of whisker contacts with the target. Note that animals had all of their 
whiskers intact, thus the variable is an integral of all contacts with the target by any whisker. (E) Touch duration is 
calculated as described in B. Number of whisker that are in contact with the target platform is calculated by binning 
the data in the temporal domain (2.5 ms/bin). (F) Total number of contacts made onto the target prior to successful 
target localization.   
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Discussion
Decision-making requires precise integration of information coming from various brain 
systems, demanding selection of relevant sensory inputs and top-down control based on 
previous knowledge. Tactile information coming from the mouse whiskers during an adequate 
number of contacts with the object will ultimately result in crossing the gap to explore 
another space. Here using intracellular recording, calcium imaging, behavioral recordings 
and pharmacological modulation of receptor activation, we show that dopamine is a potent 
regulator of cellular and behavioral information processing in the somatosensory cortex.  
 D1R activation in the somatosensory cortex functions as a top-down control mechanism, 
reducing the number of contacts required, hence improving performance and facilitating 
learning. The temporal precision of the neuronal signaling is imperative for sensory and 
movement constituents coordination by dopaminergic midbrain neurons during learning 39. 
In the corticostriatal pathway, D1R activation shortly before pre- and postsynaptic paired 
stimulation converts LTD into LTP, needing a precise temporal window of maximum 2 
seconds 40. This dopamine-mediated spike-timing-dependent plasticity demonstrates the 
importance of this neurotransmitter for reinforcement learning 40,41.
 At the neuronal network scale, we found dopamine receptors coordinating excitation 
and inhibition of the somatosensory system in a cell-type-specific manner. Dopaminergic 
neuromodulation is known to suppress firing in cortical neurons (e.g. 42). Nevertheless, 
the novelty of this study is to describe cell-type-specific modulation in L2/3 of the S1. 
Dopamine release and calcium signaling are intrinsically correlated, as (also) shown herein. 
Calcium stimulates dopamine release via potassium-dependent depolarization of neurons 43. 
Dopaminergic activation of D4 also modulates the information transfer via calcium release 
after direct activation of IP3 44, independently from L-type Ca2+ channels 44. 
 Recent studies now argue for a compartmentalized effect of dopamine, which controls 
spine excitability by activation of T-type calcium (Ca2+) channels in the substantia nigra (SN) 
45. Neurons with a stronger expression of T-type Ca2+ channels display higher responsiveness 
to excitatory inputs 45. The information integration of sensory and motor cortices during 
whisking likewise arise from calcium activity in the dendrites  46, sometimes intervening 
with the neuronal maturation and plasticity through LTD (for a review see 47). Furthermore, 
dopaminergic neurons expressing Calbindin, a calcium binding protein, exhibit a delayed 
firing pattern during spontaneous activity 48. Calcium dynamics dependent on L-type and 
T-type channels can also alter the direction of pre/postsynaptic plasticity if combined with 
GABAergic activation 49. Because calcium signals follow sensory stimulation in a specialized 
subcellular level 50, they complement the voltage response in action potentials and may 
represent multiple other features in the neuronal network, such as time, location, or contact. 
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Considering that dopamine is required for corticostriatal plasticity 51,52, understanding the 
dopaminergic control of internal calcium release would be of use further for explaining 
memory and plasticity. Conclusively, this powerful influence linking calcium and dopamine 
circumscribes the firing rate and pattern. 
 Another possibility for explaining the cell-type-specific response to the dopaminergic 
drive is the location and engagement of voltage-dependent sodium and potassium channels, 
which are directly involved in determining the action potential threshold. Membrane 
configurations as a result of intrinsic properties or repetitive synaptic inputs play a role in 
firing rate of both cortical pyramidal and interneurons 53. Sodium and calcium channels also 
act in the amplification of backpropagating spike trains in neocortical pyramidal neurons 
dendrites 54, interfering with temporal coding. Moreover, in the mPFC, dopamine enhances 
excitatory inputs of local circuits of layer V, while blocking the influence of layer I inputs, 
confirming differential modulation of two subtypes of pyramidal cells, in this instance 55.
 Throughout modulation of calcium signaling, voltage-gated channels and 
spike-timing-dependent plasticity, dopamine presumably serve as a gain-modulator during 
sensory processing of tactile information and improves behavior execution. Overall, the 
cell-type-specific dopaminergic control of excitability enables an increase in signal-to-noise 
ratio during behavior, for performing a modulatory control of the signal through facilitating 
fast-spiking neurons information transfer while not affecting regular-spiking neurons in the 
same manner. 
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Chapter 6
It is estimated that ~90% of the world population suffers from high levels of stress during 
at least a period in their lifetime. Stress may give rise to major mental disorders such as 
anxiety, depression and mood disorders either as a contributing or a triggering factor. Cortisol 
is released from the adrenal cortex during stress. In humans, cortisol release is correlated 
with enhanced sensory, in particular tactile, processing. The mechanism by which cortisol 
alters sensation is not yet known. In rodents, it has been shown that corticosterone (Cort), 
a metabolite of cortisol, controls Ca2+ signaling in a region-specific manner. Specifically, 
Ca2+ currents, mediated by high-voltage activated (L-type) Ca2+ channels, are augmented 
in the hippocampal CA1 region and basolateral amygdala upon in vitro Cort administration 
through genomic mechanisms. However, Cort mediated intracellular Ca2+ homeostasis is 
not ubiquitous, which makes the critical examination of its local effects in sensory circuits 
crucial. In this chapter, this question is addressed following pharmacological interrogation 
of GR activation and calcium imaging in acute slices of the somatosensory cortex and in 
neocortical cell cultures. The results show that Cort modulates evoked calcium transients 
in soma but not in spines suggesting that Cort action is compartmentalized in individual 
neurons. These findings have far-reaching implications including adaptive gain modulation 
of sensory information during the integration of synaptic currents in soma which ultimately 
controls what information will be transmitted in synaptically coupled networks. 
6183182 
Compartmental regulation of calcium by Corticosterone
Stress is a physical reaction, plausibly originated from our evolutionary needs to defend 
ourselves or prevent damage to our body. Reaction to stress differs across individuals. A cue 
or a context can be interpreted as stressful by someone and still be neutral to another person. 
If, for example, one once had an accident crossing a street, this experience may trigger more 
alertness towards all related stimuli, let it be a car, bus, or a screeching sound. Therefore, 
sensory processing and perception can be regulated by stress, while stress might serve as an 
active filter for sensory processing. 
 When our body identifies a stressor, that is, any stimulus threatening the body’s 
homeostasis 1, two systems, i.e. the sympatho-adrenomedullary system and the hypothalam-
ic-pituitary-adrenal (HPA) axis, are activated simultaneously 2. The former rapidly releases 
epinephrine and norepinephrine (NE) by the adrenal medulla and the nerve terminals of the 
sympathetic nervous system 3. The latter, upon the activation of the vagal nerve, indirectly 
increases the activity of noradrenergic neurons in the nucleus tractus solitarius and in the 
locus coeruleus 4, and controls the glucocorticoid levels in the body 5. 
 The activation of the sympatho-adrenomedullary system is widely considered to trigger 
the Fight-or-Flight response, increase alertness and attention 6–8. The HPA-axis activation 
leads to the secretion of corticotropin-releasing hormone (CRH) and vasopressin (AVP) from 
the Paraventricular nucleus (PVN) 9. These hormones reach the anterior pituitary through the 
portal vessel system, and stimulate the production of pro-opiomelanocortin (POMC). POMC, 
a precursor to the adrenocorticotropic hormone (ACTH), promotes ACTH release which in 
turn enhances glucocorticoid release from the adrenal cortex 9. High levels of glucocorticoid 
release induce a negative feedback control on the HPA axis 5.
 Corticosterone (Cort) and cortisol are the glucocorticoids known as “stress hormones”, 
the former predominant in rodents and the latter in humans 2. They are synthesized in the 
adrenal cortex, zona fasciculata, a region that regulates many vital functions of the body 
including immunologic, metabolic and homeostatic functions 2,5. Because of their lipophilic 
characteristic, they can cross the brain-blood barrier without any difficulty, being able to 
reach all cells in the brain, but they can only exert their effects on those cells that express 
their receptor 1. During our circadian cycle, corticosteroids are released phasically, however 
when a stressor is present, there is an increase in their release 2. In order to generate an 
effect in the brain, the glucocorticoids bind the mineralocorticoids (MR) and glucocorticoids 
(GR) receptors 2. These are nuclear receptors 10 and regulate transcription 1. The affinity of 
glucocorticoids is higher for MR, which are recruited even at low concentrations of Cort. 
GR has a tenfold lower affinity when compared to MR and is activated only when the levels 
of glucocorticoids are significantly (but often only transiently) elevated, e.g. after a stressful 
situation or at the high peak of the Cort cycle 11. 
185184 
Chapter 6
 Corticosteroids alter brain function through genomic and non-genomic mechanisms 11. 
MR and GR are present in the cytoplasm before binding to their corticosteroid targets, and 
when the binding takes place, ligand-receptor complexes are translocated to the nucleus 11. 
Corticosteroids, once they are in the nucleus, can alter gene transcription directly or indirectly 
via DNA binding or through interaction with transcriptional elements 11. For instance, in rat 
CA1 pyramidal neurons, a brief application of Cort raises the amplitude of high-voltage 
activated sustained Ca2+ currents, primarily through a change in L-type Ca2+ currents 12, 
which requires GR-mediated protein synthesis. However, Corticosteroid-mediated’ MR 
activation affects L-type Ca2+ channels densities in a dose-dependent manner 13. P/Q-, N-, 
R- and T- types of Ca2+ channels are also associated with intracellular calcium modulation 
by increased levels of Cort 14. The dose-dependent activation of GR or MR affects the 
synaptic transmission through distinct mechanisms. In the short term, the amplitude of the 
miniature excitatory postsynaptic currents (mEPSC) is increased although mEPSCs decay 
faster after corticosteroid application 15. In the longer term, the membrane is depolarized via 
a transcription-dependent increase in intracellular calcium, which increases the amplitude of 
mEPSCs 15. As both influx and efflux of Ca2+ are regulated by GRs it is not surprising that 
GRs potently modulate neuronal communication and synaptic plasticity in a wide range of 
synaptic circuits 11. 
 Given the highly non-linear compartmental dynamics of the calcium signaling in the 
neocortex 16,17, Cort action in regulation of calcium signaling in the neocortex might be critical 
in shaping communication across the network. Therefore, in this study, I addressed the Cort 
action on calcium signaling using genetically encoded calcium indicators and inorganic 
dyes. The results showed that Cort regulates calcium dynamics in soma, but not dendrites, 
suggesting that Cort might alter cellular excitability, plausibly controlling spike timing in 
sensory neurons. 
Materials and Methods
Animals
 Eight weeks old male Sprague Dawley rats (Charles River Laboratories) were given 
ad libitum access to food and water and housed on a 12-hour light/dark cycle. They were 
anesthetized (Isoflurane) and perfused with iced and oxygenated (95% O2/5% CO2) slicing 
medium (SM) containing, in mM: 10.8 ChCl, 0.3 KCl, 2.6 NaHCO3, 0.125 NaH2PO4.H2O, 
2.5 Glucose.H2O, 0.1 CaCl2.2H2O, 0.6 MgSO4.7H2O, 0.3 Na-Pyruvate. 
 Cultures of dissociated cortical neurons were prepared from prenatal E18 Wistar rats. 
The mother was sacrificed by cervical dislocation, pups by decapitation, and pup brains were 
rapidly removed. All experimental procedures were approved by the Ethical Committee for 
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Animal Experimentation of Radboud University. 
Experimental procedures
Acute coronal sections (400 μm) of the barrel cortex were sliced in cold and carbonated 
SM. Sections were then incubated for 30 min in a chamber filled with carbonated (95/5% 
O2/CO2) artificial cerebrospinal fluid (ACSF) containing, in mM: 120 NaCl, 3.5 KCl, 1.3 
MgSO4.7H2O, 2.5 CaCl2.2H2O, 10 Glucose.H2O, 1.25 NaH2PO4.H2O, 25 NaHCO3) at 37°C 
for 1 hour. The temperature was subsequently gradually reduced to room temperature and 
slices were transferred to a recording chamber where they were perfused continuously with 
oxygenated ACSF at the room temperature. Three injections of Fluo4AM were made in layer 
2/3 of the barrel cortex where calcium dynamics were studied upon electrical stimulation of 
layer 4 using a bipolar electrode.
 The protocol consisted of three repetitions of a voltage series between 0.5 - 4V delivered 
with an interstimulus interval of 20 sec, which was repeated a second time 30 minutes 
later. After that, each slice was perfused with one of the six pharmacological agents: ACSF 
containing 0.05% ethanol; 10 μM, 100 nM, or 20 nM isoproterenol (ISO); 5 μM NE; 1 
μM Cort; 10 μM ISO with 100 nM Cort; or 10 μM ISO with 0,05% ethanol for 20 min to 
regulate α-1, β-2 and GR receptors. The stimulus protocol was repeated a third time after the 
pharmacological intervention and the bath solution was immediately changed back to ACSF 
to wash the agents off of the slice for 30 min.  Finally, the stimulation protocol was repeated 
a fourth time. Data acquisition was performed using Q-imaging Exi blue camera controlled 
through Master-8 and micromanager.
 Cell culture preparation: After animals were euthanized by decapitation on E18, brains 
were isolated and cooled ice-cold Hank’s balanced salts solution (HBBS) containing 10% 
HBSS without Mg or Ca (Gibco/Invitrogen), 100 U/ml penicillin (LifeTechnologies), 100 
μg/ml streptomycin (LifeTechnologies), 500 μM glutamine and 12.5 μM glutamate (Sigma, 
pH 7.3). Cortices were removed and incubated in HBSS with 5% trypsin solution (Gibco/
Invitrogen). The solution was removed, and the cells were dissociated using a fire-polished 
Pasteur’s pipette. 
 Dissociated neurons were plated onto 24 mm coverslips, coated with 1% poly-D-lysine 
(Fisher Scientific), with a density of 1.6*105/coverslip. Cultures were maintained at 37°C 
in a humidified atmosphere (95% O2/5% CO2) in a culture medium comprising neurobasal 
medium (Gibco/Invitrogen), supplemented with 2% B27 Supplement (Gibco/Invitrogen), 
500 μM glutamine and 12.5 μM glutamate. After five days, the culture medium was replaced 
with the same medium but without glutamate. Half the medium was changed twice per week. 
Cultures were used for 13-17 days after plating. Calcium imaging in cultured neurons was 
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performed using GCaMP6s (see below). Neurons were virally transfected two days after the 
plating. 
 Prior to calcium imaging cells were incubated with Cort (100 nM, dissolved in 20 μM 
Ethanol, N=10), Ethanol (EtOH, 20 μM, Vehicle group, N=9) or Ringer’s (Control group, 
N=10) solution for 20 min in room temperature protected in a light-tight environment. The 
plate was then washed with Ringers before it was placed under the microscope (Nikon 
FN-2SN) and kept perfused continuously with carbonated ACSF 2 mL per minute, at room 
temperature for one hour before imaging started. Evoked calcium transients were triggered 
using KCl (60 mM) puffs (1.6 mL/each for a total duration of 10 sec).
Preparation of GCamp6 and transfection 
AAV-HEK293 cells (ATTC, < p+25) were maintained in Culture Medium (DMEM 
supplemented with 10% FCS, 1 mM Na-Pyruvate and Pen/Strep). For GCamp6s-AAV 
virus production, 48 hours prior transfection AAV-HEK293 cells were plated onto 
poly-L-Lysine-coated 15-cm cultures dishes and cultured until a confluence of ~80% was 
reached. For CaPO4-transfection, 37.5 μg pRVl (AAV2); 37.5 μg pH21 (AAV1); 150 μg 
pFdelta6 (Ad Helper), and 75 μg pAAV-CaMKIIa-GCamp6 plasmid DNA were mixed with 
1.44 ml 2.5 M CaCl2 and 12 ml of MQ water. Then, while mixing the solution, 13 ml of 
2xHBS (280 mM NaCl, 50 mM HEPES, 1.42 mM Na2HPO4, pH 7.05) was added gradually. 
This mixture (5 ml/plate) was added to the plate and 16 hours later cells were supplied with 
fresh culture medium. Virus production continued 48-72 hours after transfection. 
 Viral particles were isolated from the cells essentially as previously described 18. In short, 
cells were collected in warm PBS, lysed in Lysis buffer (150 mM NaCl, 20 mM Tris, pH 
8.0) supplemented with 0.5% deoxycholate and 50 u/ml Benzonase. After clearing the lysate 
by centrifugation, AAV virus was isolated using a HiTrap heparin column (GE Healthcare, 
#17-0406-01) and afterward concentrated in PBS using Ultracel-100K centrifugal filter units 
(Amicon, #UFC810024). Batches #2 (physical titer: 4.92*1012 genomes/ml) and #4 (physical 
titer: 1.86*1012 genomes/ml) were used to transduce dissociated cortical neuronal cultures. 
Data analysis
The data analysis was performed using in-house software written in MATLAB (MathWorks). 
The fractional change in fluorescence was calculated and normalized to the baseline 
illumination in single pixel resolution and data are represented as df/F=(f-F)/F, where f is 
evoked responses and F is the illumination prior to the onset of stimulus. 
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Results
Here we addressed the role of corticosterone in controlling calcium dynamics in acute slices 
of the primary somatosensory cortex and in cultures of dissociated neocortical neurons. 
Epifluorescence imaging in acute slices allowed visualization of population dynamics (Figure 
1), at the expense of spatial resolution, while imaging in dissociated cultures provided high 
resolution, compartmental analysis of the changes in calcium, using single-photon excitation 
(Figure 2). 
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Figure 1. Visualization of population calcium dynamics in acute slices of the barrel cortex. Calcium transients 
were detected using Fluo4 injected in three locations in layers (L) 2/3 of the barrel cortex, while electrical stimulation 
was delivered to the L4 using bipolar electrodes.  (A) Three injection sites and magnitude of basal fluorescence 
amplitude in pseudo colors.  Warmer colors represent higher fluorescence. A single image was acquired in the 
absence of electrical stimulation.  (B) ROI (Region of Interest) identified by thresholding, in this example 60% 
of the global maximum fluorescence. (C) The intensity of the fluorescence over repetitive electrical stimulation. 
Increase in fluorescence intensity (calcium influx) is seen due to consecutive electrical stimulations. (D) Average 
of the fluorescence after three repetitions, across voltage steps of 0.5 V. (E) Average df/F as a function of stimulus 
intensity. Incremental elevation in stimulation intensity led to an increase in df/F, indicating more calcium influx. 
(F) There was small to no variation across the three repetitions of the experiment. Color code indicates the stimulus 
intensity (in V). 
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Figure 2. Compartmental visualization of the calcium dynamics in slice cultures. (A) Top: Raw GCaMP6s 
signal displayed as an intensity image.  Bottom: Isolated and labeled soma after image segmentation. (B) Time 
course of the evoked response in identified soma in a single trial. The stimulus was delivered 20 sec into the trial. 
Data recorded at 10 fps. (C) Same as in B but data from identified spines. (D) Normalized change in fluorescence 
(df/F) in active and inactive soma, classified statistically based on whether stimulus evoked significant response 
above background in a given soma, and spines (right).
Acute application of Cort with ISO suppresses population calcium activity in  S1 
As expected, neuronal excitability, as measured by evoked calcium signals, were increased 
in proportion to the stimulus intensity (Figure 3, 2-way-ANOVA, p <0.001, η2=0.218). 
However, the change in excitability calculated by the df/F was minimal across all conditions 
in acute cortical slices. The exception was the reduced excitability observed in Cort combined 
with ISO (Figure 3B, 2-way-ANOVA, p<0.001), but with a small effect size (η2=0.036). 
6189188 
Compartmental regulation of calcium by Corticosterone
The significant reduction was specific to stimuli above 3V (Student’s t test, p<0.001), when 
compared to Control. The experiments with Ethanol-only treatment showed the lowest df/F 
values, while experiments with ISO (including combined with ethanol or combined with 
Cort) had the highest change in evoked calcium amplitude (Figure 3).
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Figure 3. Reduction in evoked calcium transients in the acute slices of the barrel cortex (Layer 2/3). Each 
slice was studied prior to administration of pharmacological agents (Control), during the application (Drug) of 
norepinephrine (NE), isoproterenol (ISO), ethanol (EtOH), and corticosterone (Cort), and after reperfusion with ACSF 
(Recovery). (A) Data were normalized to the maximum df/F across stimuli. In all drug conditions the amplitude of 
evoked calcium transients increased in proportion to the stimulus intensity (ANOVA repeated measures, p <0.001). 
(B) Evoked calcium transients were reduced across all drug conditions compared to Control, but only significantly 
in acute treatment of Cort+ISO, above 3V stimuli (2-way-ANOVA, p<0.001, η2=0.036, Bonferroni, p<0.001). No 
significant differences were found in any other experimental conditions in comparison to control. (C) This reduction 
in calcium transient was sustained for at least 50 min including during recovery (Cort+ISO in comparison to Control, 
Bonferroni, p<0.001). A tendency of reduction observed in ISO (ANOVA repeated measures, p=0.04) was not 
confirmed by post-hoc statistics in comparison to Control (Bonferroni, p=0.098), or Drug (Bonferroni, p=0.202). 
(D) Scatter plot of normalized df/F before and after pharmacological administrations. The control showed here was 
the second stimulation (t = 30 min) before drug application.
 To ensure that the comparison is not biased due to within experiment variability, the evoked calcium transients 
were normalized to the global maximum in each stimulus intensity (voltage) (Figure 3A, B and C), which showed 
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that at the population level corticosterone reduces excitability via regulation of calcium dynamics, specifically at 
higher stimulations. These results suggest that only Cort in combination with ISO changes calcium dynamics at the 
population level, indicating that glucocorticoid and adrenergic receptors activation combined regulate the calcium 
signaling in the somatosensory cortex. 
Compartmental analysis of calcium dynamics
Compartmental analysis was performed in dissociated cultures using a genetically encoded 
calcium indicator, GCaMP6s. Soma and spines were identified, and three independent groups 
(Corticosterone, Ethanol and Control) were studied. Somatic (Cort = 214; vehicle (Ethanol) = 
178) and spine dynamics of evoked calcium transients were quantified (Cort = 2881; vehicle 
(Ethanol) = 2402).
 Peak amplitude and latency were quantified at the highest point of calcium influx after 
df/F normalization. The evoked calcium response was calculated as the area under the curve 
of change in fluorescence (df/F). Figure 4 details the evoked somatic responses across a 
period of three hours. Within one hour after the administration, Cort significantly delays 
evoked responses as measured by latency to the peak amplitude of the calcium influx, in 
soma (Student’s t test, p < 0.0001). Despite the slower transients, the peak amplitude of the 
response (p = 0.04) and the total evoked amplitude (p = 0.004) were significantly enhanced 
after Cort administration in comparison to vehicle-treated cultures (see the first row of Figure 
4). Long-term exposure to Cort further delayed the evoked somatic calcium transients as 
the peak latency was reached systematically later when measured 2h (~45%, Bonferroni 
post-hoc comparisons, p <0.001) and 3h (~30%, Bonferroni post-hoc comparisons, p = 0.006) 
after the first administration (see Figure 4 the middle row, ANOVA repeated measures, p < 
0.001). Long-term exposure to Cort did not result in sustained elevated amplitudes of evoked 
transients, rather both the peak amplitude (p = 0.021) and the total evoked amplitude of the 
calcium transients (p = 0.022) were gradually reduced by the 3rd hour (Figure 4 middle row). 
Long-term consequences of the exposure to the vehicle (Ethanol) were limited to a gradual 
change in the total evoked calcium levels after three hours (p = 0.026), although there were 
no significant changes in peak latency and amplitude. 
 These results show that Cort potently regulates calcium dynamics in soma. Cort 
administration causes sustained delays in evoked somatic calcium transients while the 
amplitude of the calcium response is only transiently up-regulated. 
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Figure 4. Group analysis of the somatic calcium transients. Top row: application of corticosterone increases peak 
latency, amplitude and evoked response in soma in the first hour (Student’s t-test, respectively: p < 0.001, p = 0.04, 
p = 0.004). Middle row: corticosterone continues increasing the latency of evoked calcium transients  but reduces 
the amplitude and the evoked response over time (ANOVA  repeated measures, respectively: p < 0.001, p = 0.021, p 
= 0.022). Third row: Vehicle (Ethanol) administration alone does not change calcium dynamics with the exception 
that, without corticosterone, the evoked response in the soma increases significantly over time (ANOVA repeated 
measures, p = 0.026). ** = p < 0.01; * = p < 0.05).
 To address whether Cort mediated regulation of calcium dynamics was specific to soma, 
we have studied the calcium dynamics in identified spines (Figure 5). Cort administration 
did not change spine calcium dynamics in respect to vehicle condition within the first hour 
after the administration (Figure 5, top row), neither does it alter the calcium dynamics in 
the long-term (pairwise comparisons after Bonferroni p>0.05). Neither the peak latency nor 
total evoked calcium amplitude changed at any point after Cort administration (see Figure 5 
middle row). These results were mirrored in the vehicle group as ethanol treatment did not 
change spine calcium dynamics significantly (ANOVA repeated measures, p>0.05) at any 
time points (see Figure 5, bottom row). Taken together the results show a compartmentalized 
role for corticosteroids in controlling calcium dynamics in the neocortex, affecting the timing 
and the intensity of intracellular calcium activity in soma but not across spines.  
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Figure 5. Cort does not regulate calcium dynamics in spines. First row: application of corticosterone does not 
alter the peak latency, amplitude or the evoked response in spines within the first hour (Student’s t-test, respectively: 
p = 0.15, p = 0.88, p = 0.49). Second row: corticosterone does not affect the latency of the peak calcium excitability 
in spines (left), but marginally changes the peak amplitude of the evoked transients (middle) without altering the 
total calcium entry (right). ANOVA  repeated measures, respectively: p = 0.179, p = 0.028, p = 0.054. Third row: 
No significant changes in peak latency, amplitude or in the calcium evoked transients were noted in the vehicle 
(Ethanol) condition in the spines. (ANOVA repeated measures, p = 0.197, p = 0.838, p = 0.852). ** = p < 0.01; * = 
p < 0.05.
Discussion
The findings suggest that stress regulates the information transfer and timing on the 
neocortical network. This study demonstrated that corticosterone is able to modulate calcium 
dynamics in a subcellular specific manner, targeting the somatic neuronal excitability in a 
time-span of hours. Cort affects the stimulus evoked calcium dynamics for a long period after 
the stress onset, as indicated by the specific control of latency and intensity of the calcium 
response in soma. 
 It is known that increased calcium influx induced by corticosteroids leads to higher 
spike threshold and firing frequency adaptation within hours, which is important for 
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the accommodation of the stress response in the limbic system 1. However, the threshold 
between adaptive and non-adaptive responses to stress might be due to long-lasting effects 
of corticosteroids in the synaptic plasticity and in the excitatory transmission 19, the latter 
relying heavily on calcium signaling. The compartmentalized effect of Cort indicates that 
this stress hormone is a potential top-down neuromodulator because it can target the somatic 
excitability, thus potentially controlling the generation of action potential at the axonal 
hillock.
Cort as a top-down regulator of cortical dynamics with long-term consequences
GR receptors are widespread throughout the brain, however, their expression is greater in 
the hippocampus, the lateral septum and the paraventricular nucleus (PVN) 2. MR receptors 
are highly expressed in the lateral septum and in the hippocampal formation, but also in the 
amygdala, PVN and locus coeruleus (LC) 2. Those receptors have  complementary roles in 
suppressing the elevating excitability, helping with recovery from the stressful experience and 
storage of this information for the future 25. Therefore, activation of GR and MR coordinate a 
broad behavioral response and ensure emotional, cognitive and neuroendocrine processing of 
stressful experiences 2. In the principal neurons of the basolateral amygdala, Cort gradually 
increases the amplitude of sustained, high-voltage Ca2+ currents 26, similar to what happens in 
CA1, although the downstream targets after calcium binding varies across neural structures 
1. Similarly, in the amygdala, the activation of GR is primarily related with modulation of 
excitability rather than promoting inhibition 2. Cort does not exert any significant control 
over Ca2+ currents in the dentate gyrus 27, although it controls transcription in DG neurons 1. 
This may explain the role of Cort in underlying learning and memory processes.
 Since those processes are highly associated with sensory mechanisms, similar mechanisms 
could be shared in the somatosensory system, along with other sensory systems. The barrel 
cortex receives noradrenergic projections from the locus coeruleus 20 and therefore is likely 
to undergo rapid (and potentially long-lasting) modulation of sensory representations upon 
stress. In support of this hypothesis, earlier studies have already shown that the connectivity 
within the bilateral visual and primary somatosensory network is increased after chronic 
stress exposure 21, and repeated exposure to maternal separation stress 22 results in neuronal 
hypertrophy in the rodent’s somatosensory cortex. Adrenergic receptors (specifically 
α1-receptors) in the barrel cortex are modulated by sensory experience, their expression 
is down-regulated upon sensory deprivation (vibrissectomy) and up-regulated following 
noradrenergic input blockage (locus coeruleus lesion) 23. Dysregulation of noradrenergic 
neurotransmission, e.g. upon chronic stress, for example, could influence the somatosensation. 
In layer 5 of the somatosensory cortex, NE has been observed increasing the excitability 
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of the regular spiking neurons, showing a modulatory role in facilitating the response to 
stimulation of the afferent pathway, while simultaneously reducing the activity of intrinsic 
burst neurons 24. 
 Surprisingly, the application of the β-2 adrenergic receptor agonist ISO also resulted 
in reduced calcium activity, even when combined with Cort. This observation cannot be 
explained by the lack of receptors, as β-2 receptors have been localized in the S1 28. However, 
some clear limitations are the population imaging that prevents us to distinguish neuronal 
subtypes, and the lack of electrophysiological assessment. Nonetheless, the reported research 
leads to the conclusion that Cort does not acutely control the excitability of somatosensory 
cortical neurons through calcium regulation.   Corticosteroids are also potent regulators of 
vasculature and blood pressure 29 and might alter neuronal representations by regulating 
neuro-epithelial coupling.  The acute effects of Cort in sensory excitability might therefore 
be associated with its regulation of cortical blood supply as supported by intrinsic optical 
imaging of whisker evoked representations (Figure 6).   
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Figure 6. Corticosterone administration alters oxygen utilization in the neocortex. Changes in reflectance of 625 
nm wavelength light enable spectroscopic visualization of deoxyhemoglobin concentration with a spatial resolution 
< 40 μm 30. (A) Experimental set-up. Monochromatic light is generated using a LED and haptic stimuli are delivered 
using a piezoelectric wafer in contact with facial whiskers under anesthesia. (B) Custom-made macroscope for 
intrinsic optical imaging. (C) Spontaneous low-frequency oscillations in mean pixel reflectance over a 60 second 
(sec) period depict the signal localization to the blood vessels. (D) Binary classification of the blood vasculature 
by visualizing the positive and negative peak oxygen utilization. Red: Arteries; Blue: Venules. (E) During stimulus 
delivery spectroscopic signal originates both from within and outside the vasculature.  Stimulus-evoked changes in 
the oxygenation show that single whisker stimulation results in a spatially restricted change in signal intensity. Field 
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of view: 2.5 x 2.5 mm. (F) Time course of the change in oxygenation level before and during stimulus delivery. The 
signal develops over a period of ~2 sec after stimulus delivery and lasts for ~3 sec under control conditions, i.e. no 
corticosterone.  Subcutaneous Corticosterone administration (concentration: 3 mg/kg volume: 10 ml/kg) increases 
the deoxygenation of the hemoglobin gradually which lasts > 45 min. Note that deoxygenation is altered only during 
stimulus processing. (G) Total hemoglobin deoxygenation and its time course altered after corticosterone injection. 
(H) Deoxygenation is spatially restricted and the cortical area where deoxygenation is observed is enlarged upon 
Corticosterone administration. (I) Enlargements of the  deoxygenation are accompanied by the change in peak signal 
intensity, as determined at the center of mass of the hemoglobin deoxygenation. The data is kindly contributed by Dr. 
Chao Huang at the Department of Neurophysiology, Donders Institute.  
Subcellular differences in Cort mediated calcium dynamics
Corticosterone modulates calcium transients possibly through transcriptional regulation, 
appearing at least 1 hour after the corticosterone exposure, as described in our compartmentalized 
imaging results. While our results indicate that Cort action in somatosensory neurons might be 
limited to genomic modulation in the soma, in the hippocampus, for example, corticosterone 
increases the spine density through non-genomic processes, via MAPK and PKA pathways 31. 
This fast regulation of synaptic plasticity following acute stress may affect memory. Chronic 
corticosterone administration also impacts the dendritic morphology in the medial prefrontal 
cortex, increasing the spine density in the apical dendrites located in the proximal region of 
the soma 32. The majority of the spines altered by corticosterone were located in pyramidal 
neurons of layers II/III, thus likely mediating excitatory inputs in the PFC 33. This specific 
control of calcium transients that differs in the hippocampus and in cortical areas indicate that 
Cort can target specific networks helping in stress adaptation but potentially contributing to 
cognitive impairments caused by chronic stress.
 In the hypothalamus, the negative feedback mediated by Cort occurs rapidly and may 
have long-lasting consequences. Cort decreases excitability on PVN neurons through both 
non-genomic and genomic mechanisms 11. In the pituitary, for example, after a stressful event 
ACTH release is inhibited within minutes and lasts for several hours 11. Thus, a possible 
explanation for the observed somatic effects of corticosterone can be the time needed for 
transcriptional regulation in spines, as the proteins should either be transported to the spine, 
or the RNAs should be delivered to the spine for local translation 34. This transportation 
requirement suggests that if we were to look at the spine dynamics at a later point (e.g. 5h 
after) we might actually see similar results in the soma versus dendrites. 
 The results add further complexity to differences in Cort effects in different regions of 
the brain. Expanding this work would require focusing on the mechanisms by which calcium 
currents control Cort. As these targets are likely to involve L-P/Q, N, R and T-type calcium 
channels 35, future systematic analysis would need to include whole-cell voltage clamp 
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recordings. In summary, the conclusion here outlined is that Cort has a time-dependent somatic 
effect on evoked calcium transients and does not acutely modulate neuronal excitability in 
the somatosensory cortex. 
6197196 
Compartmental regulation of calcium by Corticosterone
Bibliography
1. Joëls, M. & Karst, H. Corticosteroid effects on calcium signaling in limbic neurons. Cell Calcium 51, 277–283 
(2012).
2. Joëls, M. & Baram, T. Z. The neuro-symphony of stress. Nat. Rev. Neurosci. 10, 459–466 (2009).
3. Butler, L. K., Bisson, I.-A., Hayden, T. J., Wikelski, M. & Romero, L. M. Adrenocortical responses to 
offspring-directed threats in two open-nesting birds. Gen. Comp. Endocrinol. 162, 313–318 (2009).
4. Joëls, M., Karst, H., Krugers, H. J. & Lucassen, P. J. Chronic stress: implications for neuronal morphology, 
function and neurogenesis. Front. Neuroendocrinol. 28, 72–96 (2007).
5. Raubenheimer, P. J., Young, E. A., Andrew, R. & Seckl, J. R. The role of corticosterone in human hypothalam-
ic-pituitary-adrenal axis feedback. Clin Endocrinol (Oxf) 65, 22–26 (2006).
6. Adamo, S. A. The effects of stress hormones on immune function may be vital for the adaptive reconfiguration 
of the immune system during fight-or-flight behaviour. Integr. Comp. Biol. 54, 419–426 (2014).
7. Ota, K. Fight, fatigue and flight: narrowing of attention to a threat compensates for decreased anti-predator 
vigilance. J. Exp. Biol. 221, (2018).
8. Matt, K. S., Moore, M. C., Knapp, R. & Moore, I. T. Sympathetic mediation of stress and aggressive competition: 
plasma catecholamines in free-living male tree lizards. Physiol. Behav. 61, 639–647 (1997).
9. de Kloet, E. R., Joëls, M. & Holsboer, F. Stress and the brain: from adaptation to disease. Nat. Rev. Neurosci. 6, 
463–475 (2005).
10. Oakley, R. H. & Cidlowski, J. A. Cellular processing of the glucocorticoid receptor gene and protein: new 
mechanisms for generating tissue-specific actions of glucocorticoids. J. Biol. Chem. 286, 3177–3184 (2011).
11. Groeneweg, F. L., Karst, H., de Kloet, E. R. & Joëls, M. Rapid non-genomic effects of corticosteroids and their 
role in the central stress response. J. Endocrinol. 209, 153–167 (2011).
12. Chameau, P., Qin, Y., Spijker, S., Smit, A. B. & Joëls, M. Glucocorticoids specifically enhance L-type calcium 
current amplitude and affect calcium channel subunit expression in the mouse hippocampus. J. Neurophysiol. 
97, 5–14 (2007).
13. Nair, S. M. et al. Corticosteroid regulation of ion channel conductances and mRNA levels in individual 
hippocampal CA1 neurons. J. Neurosci. 18, 2685–2696 (1998).
14. Bali, A., Gupta, S., Singh, N. & Jaggi, A. S. Implicating the role of plasma membrane localized calcium channels 
and exchangers in stress-induced deleterious effects. Eur. J. Pharmacol. 714, 229–238 (2013).
15. Chatterjee, S. & Sikdar, S. K. Corticosterone targets distinct steps of synaptic transmission via concentration 
specific activation of mineralocorticoid and glucocorticoid receptors. J. Neurochem. 128, 476–490 (2014).
16. Reuveni, I., Friedman, A., Amitai, Y. & Gutnick, M. J. Stepwise repolarization from Ca2+ plateaus in neocortical 
pyramidal cells: evidence for nonhomogeneous distribution of HVA Ca2+ channels in dendrites. J. Neurosci. 
13, 4609–4621 (1993).
17. Antic, S. D. Action potentials in basal and oblique dendrites of rat neocortical pyramidal neurons. J Physiol 
(Lond) 550, 35–50 (2003).
18. McClure, C., Cole, K. L. H., Wulff, P., Klugmann, M. & Murray, A. J. Production and titering of recombinant 
adeno-associated viral vectors. J. Vis. Exp. e3348 (2011). doi:10.3791/3348
19. Timmermans, W., Xiong, H., Hoogenraad, C. C. & Krugers, H. J. Stress and excitatory synapses: from health to 
disease. Neuroscience 248, 626–636 (2013).
199198 
Chapter 6
20. Ungerstedt, U. Stereotaxic mapping of the monoamine pathways in the rat brain. Acta Physiol. Scand. Suppl. 
367, 1–48 (1971).
21. Henckens, M. J. A. G. et al. Stress-induced alterations in large-scale functional networks of the rodent brain. 
Neuroimage 105, 312–322 (2015).
22. Bock, J., Gruss, M., Becker, S. & Braun, K. Experience-induced changes of dendritic spine densities in the 
prefrontal and sensory cortex: correlation with developmental time windows. Cereb. Cortex 15, 802–808 
(2005).
23. Dunn-Meynell, A. A. & Levin, B. E. Alpha 1-adrenoceptors in the adult rat barrel field: effects of deafferentation 
and norepinephrine removal. Brain Res. 623, 25–32 (1993).
24. Waterhouse, B. D., Mouradian, R., Sessler, F. M. & Lin, R. C. Differential modulatory effects of norepinephrine 
on synaptically driven responses of layer V barrel field cortical neurons. Brain Res. 868, 39–47 (2000).
25. de Kloet, E. R., Karst, H. & Joëls, M. Corticosteroid hormones in the central stress response: quick-and-slow. 
Front. Neuroendocrinol. 29, 268–272 (2008).
26. Karst, H. et al. Glucocorticoids alter calcium conductances and calcium channel subunit expression in 
basolateral amygdala neurons. Eur. J. Neurosci. 16, 1083–1089 (2002).
27. van Gemert, N. G. et al. Dissociation between rat hippocampal CA1 and dentate gyrus cells in their response to 
corticosterone: effects on calcium channel protein and current. Endocrinology 150, 4615–4624 (2009).
28. Vos, P., Kaufmann, D., Hand, P. J. & Wolfe, B. B. Beta 2-adrenergic receptors are colocalized and coregulated 
with “whisker barrels” in rat somatosensory cortex. Proc Natl Acad Sci USA 87, 5114–5118 (1990).
29. Scheuer, D. A. Regulation of the stress response in rats by central actions of glucocorticoids. Exp. Physiol. 95, 
26–31 (2010).
30. Stewart, R. S., Huang, C., Arnett, M. T. & Celikel, T. Spontaneous oscillations in intrinsic signals reveal the 
structure of cerebral vasculature. J. Neurophysiol. 109, 3094–3104 (2013).
31. Murakami, G. et al. Rapid nongenomic modulation by neurosteroids of dendritic spines in the hippocampus: 
Androgen, oestrogen and corticosteroid. J. Neuroendocrinol. 30, (2018).
32. Wellman, C. L. Dendritic reorganization in pyramidal neurons in medial prefrontal cortex after chronic 
corticosterone administration. J. Neurobiol. 49, 245–253 (2001).
33. Seib, L. M. & Wellman, C. L. Daily injections alter spine density in rat medial prefrontal cortex. Neurosci. Lett. 
337, 29–32 (2003).
34. Smrt, R. D. & Zhao, X. Epigenetic regulation of neuronal dendrite and dendritic spine development. Front Biol 
(Beijing) 5, 304–323 (2010).
35. Catterall, W. A. Structure and regulation of voltage-gated Ca2+ channels. Annu. Rev. Cell Dev. Biol. 16, 521–555 
(2000).
6199198 
Compartmental regulation of calcium by Corticosterone

Chapter 7
Implications of the dopaminergic 
modulation on sensory representations
203202 
Chapter 7
The sensory perception requires the integration of bottom-up sensory information with 
top-down predictions of the brain for making sense of the environment. Neuromodulatory 
neurotransmitters, such as dopamine, are known temporal and contextual regulators of 
the neuronal sensory processing. They facilitate the information transfer between neurons 
through regulation of firing rate, action potential timing, and cellular excitability. The goal 
of this thesis was to investigate how dopamine might control cellular information processing 
in the somatosensory system, addressing the dopaminergic top-down modulation of the 
sensory processing at the synaptic level. The results outlined in the preceding chapters 
showed that dopamine suppresses the neuronal excitability via regulation of voltage-gated 
sodium channels, thus determining the spike threshold in the single-neuron level. Focusing 
on the D1-like dopaminergic receptors (D1R) to address the cell-type specific regulation 
of excitability, we further showed that D1R activation improves information processing 
in inhibitory neurons while suppressing the information transferred by excitatory neurons. 
Transcriptional mapping of the dopaminergic signaling in a cortical layer and column specific 
manner showed that molecules involved with dopaminergic action in the somatosensory 
cortex are regulated by sensory experience. These results argue that there is a close-loop 
regulatory interaction between sensory signaling and dopaminergic pathways, and propose 
the primary somatosensory cortex as a model system to study the integration of bottom-up 
and top-down information at a synaptic level. 
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Dopamine has been studied as a part of the reward system for decades, but only a few 
studies investigated the dopaminergic modulation of sensory processing, including 1) 
dopamine increases the excitability of thalamic neurons projecting to the sensory cortex via 
complimentary activation of D1 and D2 receptors 1; 2) D1 activation in A1 improves auditory 
stimulus discrimination in awake rodents 2; and 3) systemic increase of dopaminergic 
neuromodulation increases visual information encoding in V1, especially in supragranular 
layers projecting to higher cortical areas 3. Thus, dopamine is believed to facilitate sensory 
processing across modalities. Here, we have shown in S1 that dopamine suppresses 
excitability and regulate information transfer in a cell-type specific manner. 
 We found that activation of the D1-like or D2-like dopaminergic receptors regulate 
excitability in different ways: D1 activation decreases spiking in higher frequencies, D2-like 
receptors do so mainly in lower frequencies. These observations contribute to ever growing 
literature that proposes a modulatory, and plausibly an instructive, role for dopamine in 
shaping neuronal excitability along the sensorimotor circuits in the brain (see Chapter 1 for 
details).   
 Reward and sensorimotor circuits of the brain are reciprocally coupled (Chapter 1). 
Besides modulating the signal amplitude, dopamine regulates action potential latency in 
order to transfer information related to reward. Dopaminergic neurons make glutamatergic 
connections to accumbens neurons, and D2 inhibits the early response in the ventral 
tegmental area (VTA) increasing the spike threshold 4, therefore controlling the duration 
of the excitability. Moreover, D2 inhibits action potential initiation not only in the VTA but 
also in the substantia nigra compacta (SNc) 5,6. Bidirectional control of excitability between 
the GP and the STN seems to be mediated by D2. The firing mediated by D2 activation in 
the GP 7 prevents the firing of STN and SNr neurons 8. Microstimulation of STN produces 
monosynaptic subthreshold EPSPs and reduces spike latency in the VTA 9. Via bidirectional 
control of cellular excitability and spike timing, dopamine is believed to gate the information 
transfer within the reward circuit, potentially shaping the sensorimotor control during 
goal-directed behaviors.
The dopaminergic control of sensory processing in single neurons
Results in Chapter 5 showed that dopamine regulates the excitability of pyramidal and 
interneurons by voltage-gated sodium channels inactivation (NaV). Because NaV opening is 
an obligatory step in action potential generation, and define the spike threshold, dopamine 
powerfully shapes action potential and spike timing 10,11. These observations do not exclude the 
possibility that voltage-gated potassium channels (Kv) might contribute to the dopaminergic 
regulation of sensorimotor excitability. At least in the thalamic somatosensory neurons while 
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D2 receptor activation regulates  α-DTX sensitive K+ channels the D1 receptor agonists 
depolarize the membrane via G protein inward rectifying K+ (GIRK) currents 1,12. 
 On the contrary to our findings, dopamine facilitate the excitability of PFC pyramidal 
neurons by increasing the spike frequency without any change in the spike amplitude or 
timing of inward or outward rectifications 13. This regulation is mediated through D1 
receptor activation, at least in the neocortical layer 3, and is caused by a decrease in the 
spike threshold and action potential latency 13. However, the activation of D1 also increases 
the excitability of the interneurons in the same circuit 14 while decreasing excitability in 
Layer 5 via activation of D2-like receptors 15. One potential explanation for these findings 
is the cross coupling between the glutamatergic and dopaminergic neurotransmission. The 
impairment of the glutamatergic transmission, in an NMDAR knockout model, increases 
the synaptic dopamine available chronically, leading to suppression of D2 activation which 
results in higher firing rate in the dopaminergic neurons 16. GABAergic transmission is also 
regulated by dopamine, as D4 activation inhibits GABAA receptor inhibitory postsynaptic 
currents (IPSCs) via a presynaptic mechanism that regulates the GP efferents 1,12. Considering 
the dopaminergic interaction with the principal excitatory (glutamatergic 17) and inhibitory 
(GABAergic 18) drive in the central nervous system, it would be necessary to systematically 
study the synergistic interactions across neurotransmitters. 
 Our experiments have shown that D1 and D2 receptor activation regulates the calcium 
signaling differentially in the soma and spines during somatic depolarization. As calcium 
stimulates dopamine release via potassium-dependent depolarization of neurons which 
only occurs in the presence of calcium 19, dopamine controls calcium dynamics through the 
signaling cascade activated when binding to one of its five receptor types.  Already debated 
in Chapter 1, the intracellular effects of dopaminergic binding can go beyond the soma and 
potentially include differential modulation of the spines and dendrites of the neurons. This 
means that dopamine could direct the information flow, and perhaps suppress or activate 
different parts of the neuronal network, therefore, exerting control over the information 
transferred across different cortical layers. Because dopamine can control the excitability of 
the dendrites through activation of T-type calcium (Ca2+) channels, at least in the substantia 
nigra (SN) 20, dopamine might contribute to gating of synaptic information from spines to 
soma. 
 Computational modeling corroborates calcium dynamics dependent on L-type and T-type 
channels influencing the synaptic plasticity in striatal neurons, there altering the direction 
of pre/post- synaptic plasticity if combined with GABAergic activation 21. Dopaminergic 
activation of D4 also modulates the information transfer via calcium release after direct 
activation of IP3 22, in this case, independent from L-type Ca2+ channels or α-nicotinic Ach 
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receptors 22. Ultimately, this dynamic influence between calcium and dopamine influences 
the action potential rate and timing. 
Dopamine as a gain-modulator of bottom-up sensory information  
Dopamine might perform synchronization of top-down and bottom-up circuits. The top-down 
input originating from the medial ion prefrontal cortex (mPFC), for example, represents 
uncertainty 23. Dopamine neurons in the VTA, on the other hand, encode reward expectation. 
Given that prediction error originating from mPFC computations are required for the brain 
to create an internal state of action outcomes  dopamine might help to coordinate the activity 
across sensory and frontal circuits to regulate propagation of bottom-up information from the 
periphery 23. Furthermore, because the cortical pyramidal neurons excitability is regulated 
by GABA and dopamine, with the former preventing firing backpropagation in distal sites 
and the latter suppressing calcium signals 24, simultaneous dopaminergic and GABAergic 
neurotransmission in the mPFC might facilitate reward prediction. A direct outcome of this 
signaling would be enhanced top-down communication as the dopamine release is elevated 
25. In this context, bottom-up information passing through the ventrobasal (VB) thalamus 
dictates the rate of sensory information transfer to the somatosensory cortex via D1, which 
controls membrane depolarization, and D2, which elicits firing, receptor activation 1. 
 Our results on the bidirectional control of neuronal excitability by dopamine in the 
somatosensory cortex support the observations previously made in the basolateral amygdala 
(BLA)26. In BLA dopamine increases the firing rate of fast-firing interneurons while 
suppressing the spiking of regularly-firing (presumably excitatory) projection neurons 26. 
Moreover, the dopaminergic receptor activation suppresses short-latency spikes evoked 
by electrical stimulation of the prefrontal and mediodorsal thalamic inputs to the BLA 
while potentiating the responses evoked by electrical stimulation of sensory association 
cortex 26. Thus, it is plausible to assume that D1 and D2 activation facilitate sensory input 
(bottom-up) processing while attenuating mPFC (top-down) inputs. Overall, the systemic 
presence of dopamine from subcortical structures to sensory and higher cortices, and its role 
on the modulation of bottom-up and top-down processing argue that dopamine selectively 
modulates the gain in the sensory information propagating from the periphery. 
Experience-dependent regulation of the somatosensory processing and behavior
During the brain development, dopaminergic neurons undergo experience dependent plasticity 
27–29. Our findings demonstrated that tactile sensory deprivation alters the transcription of 
genes in the dopaminergic signaling pathway in a cortical layer-specific manner (see Chapter 
4). In L4, the main recipient of thalamic information in the S1, the genes regulated by 
207206 
Chapter 7
experience are involved in presynaptic dopaminergic signaling, localization, and transport. 
In L2/3, they are mostly responsible for postsynaptic changes and regulation of network 
excitability. Genes responsible for dopamine receptor trafficking, localization and metabolic 
control of dopamine synthesis and turnover were downregulated across all granular and 
supragranular layers. These findings are consistent with the observations in the olfactory 
system, where persistent odor enrichment leads to an increased number of dopaminergic 
cells in the glomerular layer 30. This enrichment is likely to be modulated through regulation 
of neurogenesis as dopaminergic bulbar neurons are known to be involved in the olfactory 
sensory processing, especially in the signaling of innate olfactory-driven behaviors and the 
restorative functions of the adult olfactory bulb through neurogenesis 31.
 Stimulus representations are regulated by dopaminergic modulation of the neuronal 
communication in cortical and subcortical areas of the brain. Dysregulation of the dopaminergic 
signaling is often linked to neuropsychiatric disorders associated with distorted perception 
such as addiction, depression and schizophrenia 32. Therefore experience dependent regulation 
of dopaminergic signaling in sensory cortices might have far reaching consequences in neural 
computations that are known to be regulated by dopamine, e.g. reward prediction 33,34, reward 
delivery and representation 35, motor control 36, sensory mapping 37, selectivity to stimulus 
38, sensory filtering in the amygdala 26, integration of newly born cells 30, sensory processing 
31,39, sensorimotor gating 40,41 and memory formation 42,43. Providing information about the 
outcome options is fundamental for decision making, and such predictions must be stored 
in the higher brain center so they can be evaluated together with the lower brain centers 
whenever new environmental information comes (updating predictions) 44. As dopamine 
controls the excitability depending on the sensory input, it is possible that it might contribute 
to formation of sensory and perceptual memories in the sensory cortices. 
Conclusions
Studies on the dopaminergic modulation of sensory processing in the visual circuitry 
(dopamine improves the transmission of the sensory signal by decreasing latency to response 
onset and increasing peak intensity and area of the primary response 45; major depression 46 
and schizophrenia 47 impairs visual processing), in the hippocampus (dopaminergic receptors 
work together for memory consolidation 48, spatial learning 49,50, and episodic memory 51) and 
the complex modulation of intracellular resources by dopamine (see Chapter 1), suggest a 
neuromodulatory role for dopamine in sensory processing. Here we show that dopamine also 
controls information transfer in a cell type specific manner while providing a unique insight 
on the molecular, cellular and systemic role of dopamine in controlling sensory processing 
in the somatosensory cortex.
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 Dopamine influences the neuronal communication of the input regulating the spike 
threshold of pyramidal and interneurons differentially, through voltage-gated sodium 
channels activation. The intracellular calcium is another target after the activation of the 
dopaminergic receptors, leading to the specialized control of activation of subcellular 
structures, such as the dendritic spines. At the network level, this dopaminergic signaling 
filters the relevant information from the stimulus that is communicated with higher processing 
centers in the brain. It should be noted that this study has been primarily concerned with the 
electrophysiological properties of the neurons in the supragranular layers of the somatosensory 
cortex after pharmacological application of dopaminergic agonists and antagonists. The 
dopamine receptor localization was not directly quantified. However, there is evidence in 
the literature that shows their expression in the somatosensory cortex 52–54. Moreover, in 
Chapter 4 we confirm these observations through RNA sequencing (also see barrelomics.
science.ru.nl). Dopamine is related to many top-down factors such as reward, pleasure and 
movement generation, being a suitable candidate for the integration of the information that 
is transferred across neurons in different layers and brain regions. The dopamine receptors 
present in central and peripheral sensory systems are likely performing bidirectional control 
of the information processing, closing the neuromodulatory loop between the sensory 
processing and the dopaminergic signaling. Besides, simultaneous integration of top-down 
and bottom-up signals are expected in some cortical sensory neurons, such as the ones 
located in L2/3 of the somatosensory cortex. Overall, preparation for an action depends on 
the perception of object associated cues, for instance, and this process is highly coordinated 
between sensory and dopaminergic pathways simultaneously, leading to the conclusion that 
dopamine controls sensory representation and is likely involved in prior expectations and 
predictions, which should be object for further investigation.
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Summary
One of the most important functions of the brain is to process sensory information. All the 
time sensory inputs are being integrated with previous experiences and predictions, having 
the chance to define the best motor responses to the constantly changing environment. Spatial 
and temporal modulations of spike activity on sensory areas are required for the selectivity 
of stimulus-response patterns in the brain. The hypothesis that dopamine, in particular, and 
other neurotransmitters, in general, could regulate stimulus-evoked representations during 
adulthood has not been deeply addressed so far. Therefore, this thesis has focused on the 
neuromodulatory role of dopamine in integrating top-down and bottom-up inputs within 
the rodent brain somatosensory cortex, specialized in tactile inputs. More specifically, the 
dopaminergic control of sensory neuronal excitability was explored in detail. 
Throughout the study, the main conclusions found were that 1) Dopamine suppresses 
neuronal excitability; 2) D1 and D2 receptor-mediated control of excitability is mediated 
through voltage-gated sodium channels and results in modulation of the action potential 
threshold; 3) D1-mediated control of excitability is cell-type specific: upon D1 receptor 
activation, excitatory neuron firing rate is decreased while inhibitory neuronal firing rate is 
increased; 4) Sensory deprivation alters transcription of genes in the dopaminergic signaling 
pathway in a cortical layer-specific manner suggesting that there is a functional close-loop 
between the dopaminergic signaling and sensory experience, and 5) Dopamine is not the only 
neuromodulator to cause significant changes in neuronal activity, as Corticosterone controls 
evoked calcium transients in vitro and sensory representations in vivo.
Chapter 1 provided a critical review of the literature on dopaminergic regulation of neuronal 
excitability throughout the brain, arguing that sensorimotor circuits and dopaminergic 
neurons form a closed-loop circuit in the adult brain. To study the dopaminergic regulations 
of sensory neuron excitability, one first needs to define the biophysical properties of somatic 
integration. However, the integrative properties of the sensory cortical neurons are thus far 
studied only during the first weeks of the postnatal development. To provide an all-inclusive 
insight into the adult cortical neurons, Chapter 2 presented our open source database 
including voltage-clamp and current-clamp recordings from the primary somatosensory 
cortex in animals 9-45 weeks old. Chapter 3 determined the basic integrative properties of 
the excitatory and inhibitory neurons in the upper layers of the barrel cortex and identified 
electrically distinguishable subclasses in the adult neocortex. Chapter 4 demonstrated that 
dopaminergic signaling in these layers undergo experience-dependent plasticity, arguing 
that sensory experience modulates the top-down dopaminergic drive impinging onto these 
sensory neurons. Chapter 5 provided in-depth evidence that dopaminergic activation of the 
sensory neurons controls neuronal excitability in a cell-type specific manner by regulating 
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the voltage-gated sodium channel conductance to control spike-timing. Chapter 6 showed 
that top-down regulation of the synaptic integration is not specific to the dopaminergic 
signaling by studying stimulus-evoked representations upon corticosterone application. 
Finally, Chapter 7 provided an overview of how top-down regulation can modulate sensory 
representations. This mechanistic understanding of the contextual control over sensory 
representations will help to determine how neural representations of the world are shaped by 
behavioral and perceptual priors.
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List of abbreviations
α-1: alpha-1 adrenergic receptor
AC: adenylate cyclase
Ach: acetylcholine
aCSF: artificial cerebrospinal fluid
ACTH: adrenocorticotropic hormone
ADHD: Attention Deficit Hyperactivity Disorder
α-DTX : alpha-dendrotoxin
AHP: afterhyperpolarization peak
AKAP-15: 15 kDa cAMP-dependent protein kinase-anchoring protein
AMPAr: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
ANOVA: analysis of variance
AP: action potential
ATP: adenosine triphosphate
AVP: vasopressin
β-2: beta-2 adrenergic receptor
βArrII: β arrestin II
BLA: basolateral amygdala
CA1: cornu ammonis 1 (first region hippocampus)
Ca2+: calcium
CaM: calmodulin
CaMKII: Ca2+/calmodulin-dependent protein kinase II
Cat.nr.: category number
cAMP: cyclic adenosine monophosphate
CC: current clamp
Cort: corticosterone
CREB: cAMP response element-binding protein
CRH: corticotropin-releasing hormone
D1R: D1 receptor
D2R: D2 receptor
D3R: D3 receptor
D4R: D4 receptor
D5R: D5 receptor
DA: dopamine
DAG: diacylglycerol
DARPP-32: dopamine and cAMP regulated neuronal phosphoprotein
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DSP: dopamine signaling pathway
EGTA: egtazic acid
EPSP: excitatory postsynaptic potentials
EtOH: ethanol
FN: frozen noise
FoxP2: forkhead box protein P2
GABA: gamma-Aminobutyric acid
GB: globus pallidus
Gi: G-protein subunit alpha i
GIRK: G-protein coupled inwardly rectifying potassium channel
GP: globus pallidus
GPCR: G-protein coupled receptors
G-proteins: guanosine triphosphate-binding proteins
Gq: G-protein subunit q
GR: glucocorticoids receptor
Gs: G-protein subunit alpha s
GSK-3: glycogen synthase kinase 3
GTP: guanosine-5’-triphosphate
HBBS: Hank’s balanced salts solution
HCN: hyperpolarization-activated, cyclic nucleotide-modulated
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HPA: hypothalamic-pituitary-adrenal
ISO: isoproterenol
I/V: current/voltage
IK(Ca): calcium-activated potassium after-hyperpolarization current
IP3: inositol triphosphate;
ISI: interspike intervals
K+: potassium
Kv: voltage-gated potassium channel
L1: cortical layer 1
L2/3: cortical layer 2/3
L4: cortical layer 4
L5: cortical layer 5
L6: cortical layer 6
LTD: long term depression
LTP: long term potentiation
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M1: primary motor cortex
MAPK: mitogen-activated protein kinase
mPFC: medial prefrontal cortex
ML: maximum likelihood
MR: mineralocorticoids receptor
mRNA: messenger ribonucleic acid
Na+: sodium
NaV: voltage-gated sodium channel
NE: norepinephrine
NMDA: N-Methyl-D-aspartic acid
NMDAr: N-methyl-D-aspartate receptor
P2P: peak-to-peak
PCA: principal component analysis
PD: Parkinson’s Disease
PFC: prefrontal cortex
PKA: protein kinase A;
PKC: protein kinase C
PLC: phospholipase C
Pn: postnatal day n
POMC: pro-opiomelanocortin
PP-1: protein phosphatase 1
PP2A: protein phosphatase 2
PPN: pedunculopontine nucleus
PPP1R1B: protein phosphatase 1 regulatory subunit 1B
PSP: postsynaptic potentials
Pval: Parvalbumin
PVN: portal vessel system
RNA: ribonucleic acid
RPE: reward prediction error
S1: primary sensory cortex
SK: calcium activated potassium channels
SM: slicing medium
SNc: Substantia nigra pars compacta
SNr: Substantia nigra pars reticulata
SSt: somatostatin
ST: sawtooth
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STN: subthalamic nucleus
TAAR1: Trace Amine Associated Receptor 1
TTX: tetrodotoxin
V1: primary visual cortex
VB: ventrobasal thalamus
VC: voltage clamp
VGCC: voltage-gated calcium channel
VTA: Ventral tegmental area
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Samenvatting
Een van de belangrijkste functies van de hersenen is het verwerken van sensorische informatie. 
Voortdurend worden sensorische inputs geïntegreerd met eerdere ervaringen en voorspellingen, 
waardoor de best passende motorische reacties op de constant veranderende omgeving 
gedefinieerd kunnen worden. Ruimtelijke en temporele modulaties van spike-activiteit op 
sensorische gebieden zijn vereist voor de selectiviteit van stimulus-responspatronen in de 
hersenen. De hypothese dat voornamelijk dopamine en andere neurotransmitters, stimulus 
representaties tijdens volwassenheid kunnen reguleren, is tot nu toe niet diepgaand aangepakt. 
Daarom heeft dit proefschrift zich gericht op de neuromodulerende rol van dopamine bij 
het integreren van top-down en bottom-up inputs in de somatosensorische hersenschors van 
knaagdieren, gespecialiseerd in tactiele ingangen. Met name de dopaminerge controle van 
sensorische neuronale exciteerbaarheid werd in detail onderzocht.
Gedurende de gehele studie waren de belangrijkste conclusies dat 1) dopamine de 
neuronale prikkelbaarheid onderdrukt; 2) D1- en D2-receptor-gemedieerde controle van 
de exciteerbaarheid wordt gemedieerd door spanningsafhankelijke natriumkanalen en 
resulteert in modulatie van de actiepotentiaalgrens; 3) D1-gemedieerde controle van de 
exciteerbaarheid  celtype specifiek is: na D1-receptoractivering is de excitatorische neuron 
afvuursnelheid verlaagd terwijl de remmende neuronale afvuursnelheid wordt verhoogd; 
4) Sensorische deprivatie de transcriptie van genen in de dopaminerge signaalroute op een 
corticale laag-specifieke manier verandert, wat suggereert dat er een functionele close-loop 
is tussen de dopaminerge signalering en sensorische ervaring, en 5) Dopamine  niet de 
enige neuromodulator is die significante veranderingen veroorzaakt in neuronale activiteit, 
aangezien corticosteron in vitro opgewekte calcium transiënten en in vivo sensorische 
representaties regelt.
Hoofdstuk 1 gaf een kritische beoordeling van de literatuur over dopaminerge regulatie 
van neuronale exciteerbaarheid in de hersenen, met als discussiepunt dat sensorimotorische 
circuits en dopaminerge neuronen een gesloten circuit vormen in het volwassen brein. Om de 
dopaminergische voorschriften van sensorische neuron-exciteerbaarheid te bestuderen, moet 
men eerst de biofysische eigenschappen van somatische integratie definiëren. De integrerende 
eigenschappen van de sensorische corticale neuronen zijn echter tot nu toe alleen bestudeerd 
gedurende de eerste weken van de postnatale ontwikkeling. Om  volledig inzicht te bieden in 
de volwassen corticale neuronen, presenteerde Hoofdstuk 2 onze open source database met 
spannings- en stroomklem opnames van de primaire somatosensorische cortex bij muizen 
van 9-45 weken oud. Hoofdstuk 3 bepaalde de basale integrerende eigenschappen van de 
excitatoire en remmende neuronen in de bovenste lagen van de barrel cortex en identificeerde 
elektrisch te onderscheiden subklassen in de volwassen neocortex. Hoofdstuk 4 bewijst dat 
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dopaminerge signalering in de bovenste lagen van de barrel cortex ervaringsafhankelijke 
plasticiteit ondergaat, met onderbouwing dat de top-down dopaminerge aandrijving op 
deze sensorische neuronen wordt gereguleerd door sensorische ervaringen.  Hoofdstuk 5 
leverde diepgaand bewijs dat dopaminerge activering van de sensorische neuronen neuronale 
exciteerbaarheid regelt. De wijze waarop dit gebeurt is afhankelijk van het celtype. Dit gebeurt 
op een celspecifieke manier door de spanningsafhankelijke natriumkanaalgeleidbaarheid te 
reguleren wat invloed heeft op de spike-timing. Door het bestuderen van stimulus-opgewekte 
representaties bij toepassing van corticosteron laat Hoofdstuk 6 zien dat top-down regulatie 
van de synaptische integratie niet specifiek is voor de dopaminerge signalering. Ten slotte gaf 
Hoofdstuk 7 een overzicht van de wijze waarop top-down regulatie sensorische representaties 
kan moduleren. Het begrip van de contextuele controle wat betreft sensorische representaties 
zal helpen bepalen hoe neurale representaties van de wereld worden gevormd door gedrags- 
en perceptuele priors.
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